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Abstract
The flow regimes associated with a 2:1 aspect ratio, elliptical planform cavity in a
turbulent flat plate boundary layer have been systematically examined for various
depth/width ratios (0.1 to 1.0) and yaw angles (0° to 90°), using a combination of wind
tunnel experiments (involving Particle Image Velocimetry and helium bubble
visualization) and Computational Fluid Dynamics (CFD) simulations (employing threedimensional steady calculations with the Reynolds Stress model turbulence closure).
Satisfactory agreement has been found between the results using the two methods,
indicating that the steady numerical simulations can be a cost-effective tool to predict the
mean flow features.
The flow has been found to be highly dependent on yaw angle and cavity depth. For each
of the three broad flow categories specified according to yaw angle, which include the
symmetric flow regime (yaw angle = 0°), the straight vortex regime (yaw angle = 90°)
and the asymmetric flow regime (15° ≤ yaw angle ≤ 60°) different regimes are found to
exist, depending on cavity depth. For each combination of yaw angle and depth, the flow
has been analyzed through investigation of shear layer parameters, the three-dimensional
vortex structure, pressure distribution and drag, wake flow, and vortex oscillations.
While the elliptical cavity flows have been found to have some similarities with those of
nominally two-dimensional and rectangular cavities, the three-dimensional effects due to
the low aspect ratio and curvature of the walls give rise to features exclusive to low
aspect ratio elliptical cavities, including formation of cellular structures at intermediate
depths and unique vortex structures within and downstream of the cavity.
The three-dimensional flow structure of the flow is most pronounced in the asymmetric
regimes with large yaw angles (45° and 60°). The dominant feature in this regime is the
formation of a trailing vortex that is associated with high drag and flow oscillations
within the cavity.
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1 Introduction
The flow over cavities (surface cut-outs) is relevant to the aerodynamics of aircraft and
road vehicles and has been investigated since the early 1930s. The main focus of the
research has been drag reduction by removing or modifying cavities and reducing the
noise associated with them. Drag reduction is a major challenge in aerodynamic design
but there is usually room for improvement. For a typical civil transport aircraft, parasitic
drag, which originates from skin friction, surface imperfections, and pressure drag of the
non-lifting components, is about 3% of the total drag [1]. Reduction of the parasitic drag
can improve the vehicle’s fuel economy without affecting its aerodynamic performance.
As an example of the significance of aerodynamic refinement through drag reduction, a
1% reduction in aerodynamic drag for an Airbus A340 airplane operating in the long
range mode will result in savings of about 400,000 litres of fuel per year [2].
Surface irregularities are mostly caused by design or manufacturing constraints on
aircraft or road vehicles. These include landing gear wells, weapons bays, flap recesses,
rivet depressions and recessed windows for airplanes [3] and truck beds, sun roofs and
door gaps for automobiles [4]. Most of these examples can be adequately approximated
by models of simple geometry such as cavities of rectangular, circular or elliptical
planforms. This highlights the importance of a thorough understanding of the flow
associated with three-dimensional cavities of various planform shapes and depths.
The present study is focused on three-dimensional cavities with elliptical planforms, as
one of the most general and complex forms of cavities. Compared to three-dimensional
cavities with rectangular planforms, the flow associated with an elliptical cavity is more
complicated due to the curved sidewalls. Furthermore, unlike a three-dimensional cavity
with a circular planform, the flow associated with an elliptical cavity is affected by yaw
angle, due to its elongated planform shape.
A comprehensive review of the studies on cavity flows has been carried out and
summarized in the next chapter. In summary, these studies indicate that the cavity flow
regime varies with geometric parameters, including depth to length ratio, aspect ratio,

2

planform shape, and yaw angle, as well as flow related parameters, including Reynolds
number (laminar or turbulent flow), approaching boundary layer parameters, and Mach
number. These parameters have been shown to have significant effects on all aspects of
the flow inside and around cavities, including flow structure and vortices, pressure
distribution and aerodynamic forces, and flow dynamics. It is therefore not adequate to
generalize the findings related to cavities with a given set of geometric and flow
parameters to other combinations of these parameters, which may require dedicated
studies.
Although many researches have been performed on cavity flow over the past eighty
years, most of them have been focused on nominally two-dimensional rectangular
cavities subject to laminar flows. Only a few studies were focused on three-dimensional
cavities, which were mostly confined to rectangular planforms, parallel to the flow.
The elliptical cavities have been studied by a few investigators. Friesing [3] studied the
effect of elliptical cavity depth and aspect ratio on the resulting drag. Savory and Toy [5]
have studied the effect of yaw angle and cavity depth for the elliptical cavities with
aspect ratio of 2:1 and noticed an increase in drag for certain yaw angles. Hering and
Savory [6] have studied the elliptical cavities with aspect ratio of 2:1 with different
combinations of cavity depths and yaw angles. They have investigated the associated
drag for each case, and presented a classification of different flow regimes for elliptical
cavities. The limited number of studies on elliptical cavity flow has left many gaps in this
research field. These gaps are discussed in detail in the next section.

1.1

Gaps in Research on Elliptical Cavities

The review presented in Chapter 2 indicates that the physics of the flow associated with
elliptical cavities has not been completely determined, because of the limited number of
previous studies in this area. Certain gaps exist in the knowledge on the flow associated
with elliptical cavities, which can be summarized as follows:
•

While the three-dimensional effects caused by the presence of sidewalls, such as
variations of the flow parameters across the span, and formation of three-
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dimensional vortical structures, are relatively well-documented for cavities with
straight walls (rectangular cavities), little is known about these effects in the case of
cavities with curved walls.
•

Elliptical cavities have been found to have highly asymmetric flows at certain yaw
angles, and drag forces larger than those of comparable rectangular cavities. This
behaviour has been observed in a few previous studies, based on surface pressure
distributions and wake velocity measurements; however, the flow structure at these
conditions has not been investigated in detail, and therefore little knowledge of the
mechanisms leading to this behaviour is available

•

The effect of yaw angle on flow structure, pressure distribution, and drag of
elliptical cavities is different for cavities with different depths (deep, intermediatedepth, and shallow cavities). Specifically, the high drag associated with strongly
asymmetric flows is observed only for deep and intermediate depth cavities. The
reason for this behaviour has not been explained.

•

Previous studies on elliptical cavities include surface pressure measurements,
which can provide evidence of the flow structure near the cavity surfaces. No
measurement of the flow inside an elliptical cavity, which would make it possible
to establish a detailed and comprehensive three-dimensional representation of the
flow structure inside the cavity, has been reported in the past. Also, the knowledge
on dynamics of the flow inside elliptical cavities is limited to pointwise
measurements using hotwire anemometry or surface pressure data, and no
description of the dynamic behaviour of the principal flow structures (such as the
shear layer and vortices) are available, in the case of elliptical cavities.

1.2

Hypotheses

The present study has been defined to address some of the above-mentioned gaps in the
knowledge on the flow associated with three-dimensional cavities with elliptical
planforms, to provide a better understanding of the flow structure, the parameters
affecting the flow, and the underlying fluid mechanic mechanisms.
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Definition of the objectives, direction, and scope of the research is based on the following
hypotheses, which will be evaluated throughout the thesis:
•

Significant changes occur in the flow, when a nominally two-dimensional cavity
is bounded by sidewalls. These changes are more pronounced for cavities with
low aspect ratios. It is expected that the curvature of the sidewalls leads to
additional three-dimensional effects in the flow, such as curvature and
displacement of recirculation regions and the associated vortices, and more
complicated secondary flow structures, and gives rise to flow features unique to
elliptical cavities, especially for low aspect ratios.

•

Different flow regimes have been observed in both nominally two-dimensional
and finite aspect ratio rectangular cavities, depending on cavity depth. Similarly,
the flow regime in elliptical cavities is also expected to be dependent on the cavity
depth, but the flow structure in these regimes may not necessarily be similar to
those of the aforementioned cavities, due to the presence of curved walls.

•

It is hypothesized that various asymmetric flow structures exist in elliptical
cavities, depending on the combination of yaw angle and cavity depth. These flow
structures are expected to have unique features due to the elliptical planform
shape. It is also conceivable that the high drag observed for elliptical cavities at
certain yaw angles is related to asymmetric flow structures similar to that of the
circular cavity with h/D = 0.5.

•

Considering previous studies on nominally two-dimensional and rectangular
cavities, it is conceivable that certain aspects of the separated shear layer (such as
shear layer centre position) change according to depth and yaw angle of an
elliptical cavity, while other aspects (such as shear layer growth rate) remain
unaffected. The quantitative values of flow parameters inside the cavity are also
expected to be related to those of the separated shear layer, rather than the
freestream.
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•

Based on the relationship between position of the vortex core and the lowpressure regions inside the cavity, which will be verified for elliptical cavities in
the present study, a quantitative relationship is expected to exist between vortex
strength and pressure levels on cavity surfaces.

•

The flow in the wake of the elliptical cavity is expected to show traces of the flow
phenomena caused by presence of the cavity. Depending on these phenomena,
which may include the separation bubble formed immediately downstream of the
cavity, side-edge vortices, and trailing vortices formed in certain asymmetric flow
regimes, the wake may be dominated by velocity deficit or vorticity. Drag of the
cavity is expected to be larger in the cases in which the wake is dominated by
velocity deficit.

•

The dynamic phenomena of the flow in an elliptical cavity, including feedback
resonance in the shear layer, shear layer oscillations, and vortex oscillations, are
expected to be dependent on the combination of upstream boundary layer
properties and state, geometric proportions of the cavity, and yaw angle.
Therefore, it is conceivable for the flow in the cavity to show different levels of
oscillation for different combinations of the above-mentioned parameters.

1.3

Objectives of the Research

In order to evaluate the above-mentioned hypotheses, the following objectives have been
defined for the present research:
•

To establish a comprehensive three-dimensional representation of the flow
structure in the elliptical cavity volume, in order to complement previous studies
in which the flow structure is determined based on surface pressure
measurements.

•

To determine the effects of wall curvature on the flow structure in elliptical
cavities at various combinations of cavity depth and yaw angle, and through
comparison with the flows associated with rectangular cavities.
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•

To analyze the effect of depth on the flow structure inside and around elliptical
cavities, in order to identify the flow regimes and features affected by depth and
to determine similarities and differences with cavities with other planform shapes.

•

To investigate the effect of yaw angle on the flow structure inside and around
elliptical cavities with various depths, and to determine the flow structure and
mechanisms associated with the increased drag forces associated with strongly
asymmetric flows.

•

To analyze the flow in the wake of the cavity, in order to investigate effect of the
cavity flow phenomena on the wake

•

To study the dynamic behaviour of the vortex structures in the cavity.

•

To identify the underlying mechanisms from which the above-mentioned effects
originate.

1.4

Approach of the Current Investigation

Fulfillment of the above-mentioned objectives requires investigation of the flow inside
and around elliptical cavities for multiple combinations of geometric parameters, such as
cavity aspect ratio, relative depth, and yaw angle, and flow parameters, including
Reynolds number, and the thickness and state of the upstream boundary layer.
An investigation involving combinations of all of the above-mentioned parameters is
beyond the time and facility resources available for the present research. Therefore, the
scope of the present research has been defined by limiting these parameters to values that
cover an adequate range of flow regimes, and make it possible to compare the results of
the present study to previous ones involving elliptical and rectangular cavities.
With regards to the geometric parameters, an aspect ratio of 2:1 is chosen for the
elliptical cavity. The reason for selecting this aspect ratio is that the present research aims
at studying three-dimensional flows in cavities, which are associated with low aspect
ratio cavities. This aspect ratio has been examined experimentally for three-dimensional
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cavities with rectangular planforms. The cavity with a circular planform (which is a
special case of elliptical cavity with an aspect ratio of 1:1), has also been studied
experimentally in the past, and interesting three-dimensional flow features have been
reported in both cases. The elliptical planform with an aspect ratio of 2:1 has been chosen
to examine the flow mechanisms in comparison with those reported with the abovementioned cases. Combinations of six ratios of cavity depth to minor axis length (h/D),
including 0.1, 0.2, 0.35, 0.5, 0.7, and 1.0, and six yaw angles, including 0°, 15°, 30°, 45°,
60°, and 90° have been analyzed.
With regards to the flow parameters including Reynolds number, and the thickness and
state of the upstream boundary layer, an attempt has been made to adjust them so that
they match or are close to those of previous studies involving elliptical cavities. As will
be shown in the coming chapters, this makes it possible to compare the observations and
results of the present study with those of the previous work. Details of the flow related
parameters will be described in Chapters 3 and 4.
Particle Image Velocimetry (PIV) and CFD simulations are the most adequate
measurement and analysis techniques for achieving the first objective, since they can be
used to acquire information not only on the boundaries of the cavity, but also inside the
cavity volume. Therefore, these techniques have been selected as the principal tools for
the present study.

1.5

Organization of the Thesis

The methodologies implemented in the present research, the results of the measurements
and simulations, and their analysis, are presented in the following chapters of this thesis,
according to the following organization:
•

In Chapter 2, a comprehensive review of the literature related to the flow in
cavities, is presented. The review covers several topics, including fundamental
concepts of vorticity, classification of cavity flows, effects of upstream conditions
on cavity flows, cavity flow dynamics and oscillations, yawed cavities, different
cavity planforms, drag of cavities, numerical simulations of cavity flow, PIV
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measurements of cavity flow. The findings of the reviewed research work have
been summarized at the end of the chapter, to specify the framework within which
the present research has been defined.
•

Chapter 3 describes the details of the methodology of the numerical simulations
conducted in the present study. The chapter includes detailed description of the
governing equations and their discretization, description of the turbulence
treatment approach, the simulation domain and its boundary conditions, the grid
and sensitivity of the results to it, and validation of the numerical methodology
adopted in the present study through comparison with previously published
experimental data.

•

Chapter 4 describes the details of the methodology of the experiments conducted
in the present study. The chapter starts with a description of the experimental
equipment, including the wind tunnel, the model, and the flow measurement and
visualization equipment. This is followed by a description of techniques used to
adjust the flow upstream of the cavity and the boundary layer parameters. The
chapter also includes an analysis of the experimental uncertainties, considerations
for selection of reference velocity, and methods for detection of vortex cores.

•

Chapter 5 presents the results of the simulations and the experiments, with the
objectives of providing a detailed explanation of the flow structure for various
combinations of cavity depth and yaw angle, comparing the findings with those of
previous studies involving elliptical cavities and other similar flows, and
identifying underlying trends and flow mechanisms. The chapter starts with a
qualitative and quantitative comparison of the results of the present study with
previous studies involving elliptical cavities, to combine the results for description
of the flow behaviour. This is followed by presentation and analysis of the results,
including flow structure, pressure distribution, and flow dynamics, in three major
categories elliptical cavity flows: Symmetric flow regimes, asymmetric flow
regimes, and nominally two-dimensional flow regimes. The chapter ends with a
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summary, in which similarities and differences of the results of the present study
with previous work are highlighted.
•

Chapter 6 presents the conclusions of the present research. In this chapter, the
findings presented in Chapter 5 are summarized with the objectives of identifying
and describing the underlying trends and fluid mechanics phenomena leading to
the observed flow structures, and highlighting the flow features unique to
elliptical cavities. Based on the findings and trends observed in the present study,
suggestions for future research are made.

1.6

Summary

This chapter has highlighted the need of fundamental research of flow over yawed,
elliptical cavities with varying depths, where the flow physics are not well understood so
far. The gaps in previous researches have been discussed and based on the observations
in literature, some hypotheses have been presented. To evaluate the hypotheses, the
research objectives have been defined and approaches to fulfill these objectives have
been introduced. At the end the organization of the thesis and the major topics of each
chapter were outlined.
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2 Literature Review
2.1

Introduction

In this chapter, a comprehensive review of literature is presented. Considering that the
flow inside the cavity is dominated by vortices, the fundamental concepts of vorticity are
discussed at the beginning of the review. This is followed by presentation of cavity flow
classifications defined for nominally two-dimensional rectangular cavities.
Later, the effects of upstream flow condition, such as boundary layer characteristics and
flow state (laminar or turbulent), on cavity flow are reviewed. The unsteady nature of
cavity flows is discussed and flow dynamic mechanisms, including feedback resonance
and conditions leading to it, are introduced. This is followed by a discussion on the
principal factors affecting the cavity flow, such as yaw angle, depth and cavity planform
shape. Cavity drag is another topic which is reviewed in this chapter.
It should be mentioned that most of the review of the cavity flows is based on
experimental studies undertaken in wind or water tunnels. Computational fluid dynamics
studies of cavity flows are discussed separately, to determine the best and the most
feasible approach to perform the numerical simulation part of the present research.
Finally the key findings are summarized succinctly which leads to highlighting the gaps
in the previous studies, which have been mentioned in section 1.1. The research
hypotheses and objectives, as well as investigation approach have been defined
accordingly in sections 1.2 to 1.4.
In the following paragraphs, D refers to the stream-wise length of the cavity (chord), W is
the span-wise width of the cavity and h is the depth of the cavity. Aspect ratio is the
cavity width to length ratio (W/D). Figure 2-1 shows these variables for a yawed
rectangular cavity.
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Figure 2-1 General cavity variables shown for a rectangular cavity

2.2

A Brief Review of the Fundamental Concepts of Vorticity

Flow in the cavity is dominated by one or more vortices, generated as a result of the
interaction of the shear layer separated from the upstream edge of the cavity, and the
cavity boundaries. Throughout the thesis, the vorticity contained in the shear layer, the
vortices, and their interaction with the boundaries will be discussed in several instances.
These discussions often rely on the fundamental concepts related to vorticity, which
might not be mentioned in the discussion. The objective of this section is to provide a
brief review of these concepts, which will support the discussions in the following
chapters of the thesis.
The review includes some fundamental definitions, followed by an overview of the
concepts of generation of vorticity, the relationship between vorticity and rate-of-strain,
and diffusion and decay of vorticity.
The fundamental concepts of vorticity can be found in many texts in fluid mechanics.
The present review is mostly based on the approach presented in references [7]-[11].
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•

Definitions

Conceptually, vorticity is defined as the local angular rate of rotation in a fluid. This
conceptual definition leads to the mathematical definition of vorticity, as the curl of the
velocity vector:

r

r

r

ω = ∇×u

(2-1)

A number of fundamental definitions are usually used to describe vorticity fields. As
indicated by its definition, vorticity is a three-dimensional vector in a three-dimensional
flow field. The line that is tangent to the vorticity vector in the flow field is called a
“vortex line”. It can be proved mathematically that vortex lines at a solid boundary are
orthogonal to the streamlines [7].
Vortex lines can form closed loops (finite but endless paths) within the flow field, or
extend to the boundary (solid, free-surface, or infinite), but cannot end within the flow
field [8]. A “vortex tube” is a virtual closed surface formed by a series of vortex lines. It
is usually assumed to have a circular cross section. The integral of the vorticity
component normal to the cross section of a vortex tube, across the cross section is known
r r
as circulation. Circulation, given by Γ = ∫ ω ⋅ n dS , is a measure of the strength of the
S

vortex tube, and is constant along the tube in the absence of viscous effects, such as the
“cross-diffusive” mechanism described later in this section, and turbulent decay of
vorticity.
The equation governing transport and diffusion of vorticity in the flow field is known as
the Helmholtz equation, or vorticity transport equation. This equation is written for an
incompressible, homogeneous fluid as follows:
r
r
rr r
r
rr r
Dω ∂ω
=
+ (u .∇)ω = (ω.∇)u + ν∇ 2ω
Dt
∂t

(2-2)

This equation plays a fundamental role in vortex dynamics, as it describes the vorticity
field related to a discrete vortex from which vorticity is diffused into the flow field
through viscous diffusion [7].
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The material derivative on the right hand side of the equation shows the rate of change of
vorticity (or angular velocity) for a fluid particle or element as it moves in the flow field.
r
∂ω
It accounts for the effect of unsteadiness in the flow (through the term
), as well as
∂t
rr r
movement of the fluid element from one point to another (through the term (u .∇)ω ).
rr r
The first term on the left hand side of the equation ( (ω.∇)u ) is called the processing
term. This term accounts for local amplification of vorticity because of velocity gradients.
The effect of velocity gradients can be stretching of vortex filaments, or local tilting or
r
turning of them. The second term on the left hand side of the equation (ν∇ 2ω ) accounts
for diffusion of vorticity in the flow field due to viscosity [7].

•

Generation of vorticity

The Helmholtz equation does not contain any generation term to account for creation of
vorticity. The source of vorticity generation in homogeneous fluids is the boundary, and
is included in the solution of the vorticity equation through wall boundary conditions.
The physical effect of a wall boundary on the flow is the wall shear stress
(τ w = µ

∂u
∂y

), where y is the wall-normal coordinate. The shear stress leads to a
y =0

tangential force, which in turn causes angular acceleration, torque, and rotation of the
fluid near the wall.
In the simplified case of a two-dimensional flow, the vorticity vector assumes the
following form:

r

ω = {0, ∂u ∂y − ∂v ∂x ,0}

(2-3)

At the wall boundary, ∂v ∂x = 0 , because the wall-normal velocity is zero. Therefore, the
boundary conditions at the wall becomes:

ω 0 = {0, ∂u ∂y ,0} = {0, µ1 τ w ,0}

(2-4)
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Therefore, ω 0 .τ w = 0 . This is an important conclusion regarding the relationship between
vorticity and wall shear stress. It implies that at the wall, vorticity is tangential to the
surface, and at a 90o angle to the shear stress. The other implication is that wall shear
stress is not responsible for generation of vorticity. In fact, vorticity and wall shear stress
are two representations of the wall-normal velocity gradient, related by µ [7] and [9]).
The time rate of change of circulation in the vicinity of the wall boundary can be
considered as a measure of generation of vorticity. In a two dimensional flow field,
circulation a thin closed circuit in the vicinity of the wall can be approximated by:

δΓ = (u − U )δx

(2-5)

in which U is the flow velocity outside the near wall region. Circulation per unit length
of the solid boundary is therefore Γ = u − U , and the time rate of change of circulation is:
dΓ du dU
=
−
dt
dt
dt

Substituting the conservation of momentum equation (

(2-6)

du ∂u
∂u
1 ∂p
=
+u
=−
+ ν∇ 2 u )
dt ∂t
∂x
ρ ∂x

in the above equation, leads to the following equation for generation of vorticity:
dΓ
1 ∂p
dU
=−
+ ν∇ 2 u −
dt
dt
ρ ∂x

(2-7)

Several conclusions regarding generation of vorticity can be made based on this equation.
The formula indicates that vorticity generation results from acceleration or initiation of
motion of a boundary in the tangential direction, and tangential pressure gradients along a
boundary. In the case of a flat plate boundary layer in uniform flow, for example vorticity
is generated at the leading edge of the plate (which in practice has a finite radius) at a rate
of

1
2

U 2 , and is then transferred downstream and diffused into the thickening boundary

layer [9].
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According to the equation above, a change in the direction of wall acceleration or
pressure gradient leads to generation of vorticity with opposite sense at the wall. Also,
viscosity plays no role in generation of vorticity, but it has a major role in redistribution
of vorticity after generation. The formula also indicates that vorticity generation is
instantaneous, and once it is generated, it cannot be lost by diffusion to the wall
boundaries ([7] and [10]).

•

Vorticity and rate-of-strain

Rate-of-strain in a two-dimensional flow is given by:

ε = ∂u ∂y + ∂v ∂x

(2-8)

There are extreme cases of a flow in which vorticity can exist without rate of strain, or
vice versa. For example, in a flow with pure rigid-body type rotation, uniform vorticity
exists, without any rate-of-strain. However, in most cases, a combination of both exists in
the flow.
For example, in a shear flow with parallel streamlines, in which velocity is different on
each streamline, a specific relationship exists between vorticity and rate-of-strain. The
flow motion near the wall boundary is parallel to the wall. Therefore, the wall acts as a
source of both vorticity and rate-of-strain. At the wall, ∂v

∂x

= 0 , and rate of strain is

equal to vorticity. This is the reason why there is vorticity but no large scale vortex
structures in a laminar boundary layer.
The relationship between vorticity and rate-of-strain can be used to identify vortices in a
region where both vorticity and rate-of-strain exists. This is the concept of the Q-criterion
for identifying vortices, which subtracts rate-of-strain from vorticity, to identify the
boundary of a vortex [11].

Q=

1
1
2
u i ,i − u i , j u j ,i = ( Ω − S
2
2

(

)

)

(2-9)
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In the above-mentioned formula, S and Ω are the symmetric and anti-symmetric
components of ∇ u ; i.e. S ij =

1
1
(u i , j + u j ,i ) and Ω ij = (u i , j − u j ,i ) . Thus, Q represents
2
2

the local balance between shear strain rate and vorticity magnitude. It should be noted
that unlike vorticity, rate-of-strain can be generated not only at the boundaries, but also
inside the fluid. Examples and more detail can be found in Reference [7].

•

Decay of vorticity

The Helmholtz equation (Equation 2-2) and the equation of vorticity generation
(Equation 2-7) show that vorticity cannot be lost by diffusion to the solid boundaries. The
decay and loss of vorticity in a flow field occurs by a mechanism called “cross-diffusive”
annihilation [7] and [9]). The concept of this mechanism is based on the fact that vorticity
of opposite signs is generated at different regions (or time intervals) in the flow field.
When the vorticity of opposite signs is transferred into the flow field, they interact and
cancel each other. This leads to net loss of vorticity in the flow field.
Morton cites the global condition for circulation, which states that the gross circulation
in an enveloping contour of a bounded region with outer boundary at rest must be zero,
and concludes that at any given time, there exists an equal strength of vorticity of
opposite signs within the domain, which may in time lead annihilation of vorticity when
they diffuse and interact, depending on the flow structure. This principle can be verified
for several types of flow, which are bounded completely or in part by solid boundaries
[7].

•

Diffusion of vorticity

Vorticity is a diffusive quantity and the mechanism by which it diffuses is viscous
r
diffusion. Diffusion of vorticity is quantified by the ν∇ 2ω term in the Helmholtz
equation. Unlike linear momentum, diffusion of vorticity does not occur at the molecular
level. Therefore, vorticity is categorized as a “continuum variable” which is transported
in the flow field as a consequence of the diffusion of linear momentum (represented
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r
byν∇ 2 v in the Navier-Stokes equations), which in turn is related to velocity gradients in

the flow field.
The cavity flow structure is dominated by vortices, and is strongly influenced by vorticity
dynamics. Many of the cavity flow studies that will be reviewed in the following sections
focus on global phenomena in the cavity, such as drag, pressure distribution, and
acoustics. The present study, however, focuses on the flow structure in the cavity,
including vortices and their dynamic behaviour. The principles described in the previous
paragraphs provide a theoretical basis for the analysis and description of the behaviour of
these vortices, which will be presented in Chapter 5.

2.3

Cavity Flow Classifications

In the case of depressions or cavities, simple geometries were initially investigated to
examine the effects of cavity dimensional ratios on aerodynamic drag. Most of these
studies were conducted on two-dimensional rectangular slots normal to the flow direction
[4] and [12]. In later studies, fully three-dimensional cavities with different geometries
and approaching flow conditions have been examined. These investigations have shown
that the cavity flow regime varies with geometry (depth to length ratio, aspect ratio, and
planform shape), yaw angle, Reynolds number (laminar or turbulent flow), approaching
boundary layer parameters, and Mach number [13]-[58].
In 1961, the effects of depth to length ratio for two-dimensional rectangular cavities were
studied and classic definitions of the different flow regimes were introduced [13].
Distinct flow patterns arise for certain conditions and, in general, cavity flows have been
classified into two distinct categories, “open” and “closed” cavities with a transitional
region between the two (Figure 2-2). These categories are based upon rectangular twodimensional cavities, where the spanwise width (W) is much larger than the length (D)
and end effects can be neglected. Although the terms were first proposed for twodimensional rectangular cavities, they are also used to classify cavities with different
planform shapes. It should be noted that these flow patterns relate to the time-averaged
flow, whilst the flow unsteadiness will be discussed later.
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The term “closed” cavity refers to the case where the shear layer separates at the leading
cavity lip and impinges on the cavity base near the middle of the cavity, as seen in Figure
2-2-(a). The shear layer then separates from the cavity base and passes over the
downstream wall of the cavity. A stagnation point exists near the cavity lip of the
downstream wall. In this case two regions of flow recirculation exist, one aft of the
rearward-facing front wall, the other ahead of the forward-facing rear wall [14]. This
flow regime occurs for shallow cavities where the cavity depth is much smaller than the
cavity length (h/D<<1).
The “Open” cavity regime occurs for cavities in which h/D>0.1 in the case of a
rectangular cavity planform. In this regime, the shear layer separates at the upstream
cavity lip and bridges the cavity opening. The stagnation point occurs slightly closer to
the cavity lip on the downstream cavity wall when compared to the closed flow [14]. A
stable vortex forms inside the cavity volume for open type flows, as noted by Roshko [4].
Different configurations are possible for the stable vortex depending on the ratio h/D.
This captive stable vortex is driven by the separated shear layer spanning the cavity [4].

(a)

h

D

(b)
Figure 2-2 Closed (a) and open (b) cavity flow regimes at subsonic speeds (adapted from ref. [14])
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The flow regimes are strongly affected by Mach number. The same categorization is
possible for supersonic speeds as well. In case of closed cavities expansion fans are
generated at the upstream and downstream edges. For the closed regime, two shock
waves, known as the impingement and exit shock waves originate from the cavity base.
In the case of open cavities two shock waves exist close to the two edges (Figure 2-3).
For supersonic speeds two transitional stages, known as transitional-open and
transitional-closed, were identified [14].

(a)

h

D

(b)
Figure 2-3 Closed (a) and open (b) cavity flow regimes at supersonic speeds (adapted from ref. [14])

Plentovich et al. studied the centre line (x-y plane at z = 0 on the cavity base) pressure
coefficient pattern for a rectangular cavity subjected to subsonic (0.2<M<0.95) fully
turbulent flow with a very thin boundary layer, to determine the effect of the flow regime
on the centre line pressure distribution. They realized that for open flow the pressure is
approximately uniform for a considerable extent and then increases near the downstream
wall. For closed flow a plateau occurs and downstream of the plateau the pressure
decreases to form a minimum, followed by a rise in pressure to a maximum. For
transitional flow, the pressure over the forward portion is similar to that of the open flow,
and over the rearward portion is concave down (Figure 2-4) [15].
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The other important geometrical aspect of cavity flow is the width of the cavity. Early
studies have shown that, even in cavities with large span-to-chord ratios which would
normally be considered to have two-dimensional flow near their centre lines, the flow is
in fact three-dimensional and wave like structures (also known as cellular structures) can
be observed across the span of the cavity. The number of cellular structures was
dependent on the aspect ratio and cavity depth. The study by Maull and East [16], which
deals with rectangular cavities with varying aspect ratios of width to streamwise length
(W/D) and depth to streamwise length (h/D) documents the cellular structures in detail
for the open cavity flow regime beneath turbulent boundary layer. At a constant width to
length ratio (W/D = 9), as the cavity depth was increased (h/D decreased from 2.5 to 0.5),
cellular structures with a fewer number of cells were observed. Also, for a constant depth
(h/D = 0.5), when the width to length ratio (W/D) was increased from 2 to 5.5, the
number of cellular structures increased from 2 to 6. The case of W/D = 2 and h/D = 0.5,
in which 2 cellular structures were observed, is of particular interest, as it resembles a
part of the findings of the present study, which will be discussed in Chapter 5.

Figure 2-4 Cavity base centreline pressure profiles (adapted from ref. [15])
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For rectangular cavities where W/D<1 the side walls and corners greatly affect the flow
inside the cavity. The schematic diagrams of flow structures for small width open and
closed rectangular cavities at subsonic speeds (Figure 2-5) illustrate the possible threedimensional nature of the main flow [14].

Figure 2-5 Main three-dimensional flow structures for rectangular
closed (a) and open (b) cavities (adapted from ref. [14])

The flow patterns suggest the following main flow structures within the closed and open
cavities:
•

Closed cavity (Figure 2-5-(a))

There are two main regions of vortical flow aft of the front wall and forward of the rear
wall as shown in Figure 2-2 earlier. The impingement line is curved due to the side wall
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effects. A very weak lateral vortex forms between the front wall and the forward
separation line, making a counter rotating flow region. On the cavity base just aft of the
front wall and close to the side walls, there are two weak separation nodes, which are
associated with a pair of counter rotating vertical vortices. There are two other separation
nodes on the cavity floor, close to the side walls and at the extremities of the separation
line, which are indicated by a pair of counter rotating vertical vortices. While the shear
layer cascades over the front wall, the flow is entrained over the side walls. Because of
the recompression action of shear layer rising to pass over the rear wall, some of the
entrained flow is ejected from the side walls.
When this schematic is compared to cavity base centreline pressure profiles (Figure 2-4),
it can be observed that there is a low pressure area near the upstream wall of the cavity
which is associated with the recirculation region at the upstream corner. Downstream of
the recirculation region, the pressure rises again. This is then followed by a pressure drop,
which can be attributed to the shear flow approaching the cavity floor. Then, another
pressure rise is observed just before the downstream wall, due to a stagnation region
formed when the entrained flow exits the cavity.
The results of previous studies on the flow inside and around rectangular cavities indicate
that for the cases in which the length (streamwise dimension) of the rectangular planform
is much larger than its width (spanwise dimension), streamwise vortices are formed along
the edges of the cavity sidewalls [14]. The mechanism leading to formation of these
vortices is the “cascading” of the shear layer over the upstream edge of the cavity, which
leads to entrainment of the flow into the cavity over the sidewalls. When this entrained
flow passes over the sharp, 90-degree edge of the cavity sidewall, “side edge vortices”
are formed. Further downstream, these vortices are lifted clear of the downstream wall,
and extend into the downstream flow. This is due to the effect of the recompressing shear
layer, rising to pass over the downstream wall of the cavity. The results show that
decreasing the width of the rectangular cavity compared to its depth leads to stronger
entrainment of flow over the edges of the sidewalls and, therefore, stronger side edge
vortices. The side edge vortices are shown in Figure 2-5-(a).
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•

Open cavity (Figure 2-5-(b))

There are tandem rotating vortices, in the central spanwise region. There is also a small,
weak corner vortex, which has a sense of rotation opposite to that of the strong rear
vortex. Also there are two separation nodes on the cavity floor just aft of the front wall,
which indicate a pair of counter rotating vertical vortices.
For deep open cavities, one large captive vortex usually dominates the flow and the two
recirculation areas associated with corner vortices are either small or negligible.
Therefore, as shown in Figure 2-4, the pressure on the centreline is more or less uniform,
for the most part, and then increases near the downstream wall of the cavity. However,
for open-transitional flow regimes, the upstream recirculation zone has a non-negligible
size. In these cases, the pressure distribution shows a lower pressure near the upstream
wall when compared to the open cavity flow type.
Hunt et al. (1978) have established a criterion for consistency of topological
representations of flow structures [17]. This criterion can be used to verify whether or not
a topological representation, which can be based on flow visualizations, measurements or
simulations, is compatible with the principles of kinematics, which require a finite,
continuous velocity field. The criterion can be summarized as follows:

∑ (N +

1
2

N ′) − ∑ ( S + 12 S ′) = 1 − n

(2-10)

where N is the number of node points, N' is the number of half-nodes, S is the number of
saddle points, and S' is the number of half-saddle points. Nodes and saddle points
represent critical point in the flow field, for which a detailed mathematical definition can
be found in the work of Hunt et al. [17]. From the point of view of practical application
of this criterion, a vortex core can be considered an example of a node, while separation,
reattachment, and stagnation points can be considered as practical examples of saddle
points. Half-nodes and half-saddle points are nodes and saddle points forming on the
solid boundaries of the flow field. Also, n is the surface connectivity parameter, which is
0 for an unbounded flow (such as a free shear layer), 1 for a flow bounded by a solid wall
(such as the cavity flow), and 2 for flow around a solid object (such as a flying vehicle).

24

In order to verify the consistency of the topological representations of the flow in open
and closed cavities, shown in Figure 2-5-(a) and (b), nodes and saddle points have been
identified and shown in Figure 2-6-(a) and (b). For the closed cavity case, 4 nodes
representing the vortices, and eight half-saddle points representing separation,
reattachment, and stagnation points are found. In the case of open cavity flow three
nodes, and six half-saddle points are observed. Considering the connectivity parameter of
n = 1 for the cavity flow, both representations balance Equation 2-10. It can be concluded
that these topological representations of flow in open and closed cavities are physically
plausible, satisfying the criterion established by Hunt et al. [17].

(a)

(b)

Figure 2-6 Topology of flow for closed (a) and open (b) rectangular cavities

2.4

Effect of Upstream Conditions on Cavity Flow

The condition of the boundary layer upstream of the cavity plays an important role on the
characteristic of the flow inside the cavity. The thickness of the boundary layer relative to
the depth of the cavity, and the state of the boundary layer (laminar or turbulent) are two
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important parameters in determining these effects. Considering fundamental similarities
between flow in cavities and flow downstream of backward facing steps, the findings
reported for backward facing steps will be used in this section to support the findings of
the limited number of studies involving cavity flows.

2.4.1 Cavity Flows
Despite the importance of the effects of upstream boundary layer on the cavity flow, the
studies in which these effects have been investigated systematically and described in
detail are very few. However, there are a number of studies in which the results highlight
the effect of boundary layer thickness on the flow inside the cavity implicitly.
Plentovich measured cavity wall pressure distributions in his study of rectangular cavities
with depth to length ratios (h/D) between 0.09 and 0.23 at Reynolds numbers between
1.0×106 and 4.2×106 [18]. His investigation included pressure measurements for two
different upstream boundary layer thicknesses of δ/D = 0.021 and 0.014. The results of
his study indicate that as the boundary layer thickness decreases, positive pressure levels
inside the cavity increase. This effect has been attributed to higher velocities being
entrained into the cavity. However, since only two relatively thin boundary layer
thicknesses have been investigated, and no velocity measurements were taken in his
study, these results can not be generalized.
In another example of the study of the effect of boundary layer thickness on cavity flow
characteristics, Hering and Savory [6] compared measurements of pressure on the walls
of an elliptical cavity exposed to a turbulent layer with δ/D = 1.08, at Re D = 9.1 × 10 4 to
the earlier results for a similar cavity exposed to a boundary layer with δ/D = 4.57, at
Re D = 5.6 × 10 4 [5]. Although the pattern of pressure distributions is similar in these two
studies, the level of pressure coefficients is lower for the case with thicker boundary
layer. Again, this behaviour has been attributed to lower velocities being entrained into
the cavity.
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Atvars et al. [19] mention the effect of boundary layer thickness on the velocity at the
edge of the cavity very briefly. Their study involves experimental and computational
6

investigation of a transonic flow (with a Mach number of 0.85, and Re D = 3 ×10 ) over a
rectangular cavity with a depth to length ratio (h/D) of 0.2. Even though they present
results for one value of δ/D = 0.12, they mention that the ratio between the shear layer
velocity and the freestream velocity is 0.57 for a “thin” boundary layer, and is expected
to decrease as the boundary layer thickness increases. They do not specify if this ratio
applies to the shear layer centre or any other location within the shear layer.
In recent years, non-intrusive and instantaneous measurement methods such as particle
image velocimetry (PIV) have allowed detailed quantitative velocity data inside the
cavities to be captured and have helped to gain a deeper insight into the physics of cavity
flows [20]. Considering the limited and bounded space inside the cavities and the
sensitivity of the flow due to any disturbance due to the measurement equipment, the
importance of using non-intrusive techniques is highlighted.
With regards to the effect of the boundary layer state, a study by Haigermoser et al. [21]
investigates the effect of the boundary layer state on growth of the separated shear layer
downstream of the separation point, for nominally two-dimensional rectangular cavities
with h/D varying between 0.25 and 0.5, and Reynolds numbers ranging between 1.0×104
and 3.2×104. Their results show that the thickness of the shear layer increases linearly in
the streamwise direction along the edge of the cavity with a turbulent incoming boundary
layer. The growth of the shear layer past the separation point can be evaluated by
investigating the variations of vorticity thickness ( δ ω ). Vorticity thickness is defined as
follows by Brown and Roshko [22]:

δω =

U 2 − U1
 ∂u 
 
 ∂y  MAX

(2-11)

where U 2 = U inf and U1 = 0 in calculating vorticity thickness along the shear layer at the
upper edge of cavities.
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The shear layer growth for cavities exposed to laminar boundary layers is found to be
non-linear, with increasing growth rate for cavities with smaller h/D [21]. It was shown
that the highest growth rate belongs to the cavity exposed to a turbulent boundary layer,
indicating that more momentum is entrained into the cavity compared to a cavity of the
same h/D ratio, exposed to a laminar boundary layer. The linear growth of the shear layer
thickness in the case of turbulent boundary layer was also confirmed by other studies
[23]-[26]. For nominally two-dimensional rectangular cavities, values between 0.114 and
0.3 have been reported for dδ ω dx [21]-[26].
In the case of laminar upstream flow, three PIV measurements were performed on open
nominally two-dimensional rectangular cavity flow. These studies were carried out on
cavities with h/D = 0.25 at ReD = 1.6×104-5.2×104 [27], h/D = 0.2 at ReD = 5×1032.9×104 [28], and h/D = 0.5 at ReD = 7.7×102-1.4×103 [29]. As expected, open type flow
with two large counter rotating recirculation bubbles was observed. By increasing the
Reynolds number, the upstream recirculation bubble became smaller and the downstream
recirculation bubble centre moved toward the upstream edge and increased in size for all
cases [27]-[29]. This behaviour was attributed to the increased energizing effect of the
shear layer [27]. The location of the vortices in the cavity was studied statistically and it
was concluded that the vortices with a sense of rotation similar to the main recirculation
zone originated from the shear layer, while vortices of opposite sign originated in the
flow near the downstream wall. The circulation of the vortices was found to be larger for
vortices with larger cores [27]. Also, velocity fluctuations and Reynolds stress
components were found to increase with increasing Reynolds number, and towards the
downstream wall [28] and [29].
In the case of turbulent approaching flow, nominally two-dimensional rectangular
cavities with h/D = 0.25-0.5 at ReD = 1.0×105-1.4×105 [23], h/D = 0.25 at ReD = 1.9×104
[24], and h/D = 0.17 and ReD = 2×105-7.6×105 [25] were studied. It was observed that the
flow inside the cavity was dominated by a large recirculation zone, accompanied by a
smaller one close to the upstream wall. As the freestream Reynolds number increases, the
centre of rotation moves from near the downstream wall to the cavity centre, which is
similar to what happens in the case of a laminar approaching boundary layer [25]. Figure
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2-7 shows the mean velocity vectors and the streamlines of the mean velocity field. The
streamlines illustrate not only the impingement of the mean shear layer onto the
downstream wall, but also a second recirculation zone toward the upstream wall. The
time-resolved results were used to study vortical structures with different scales in the
shear layer, and it was observed that the vortical structures originating from the shear
layer grew in size and formed large-scale coherent structures with increasing distance
downstream of the cavity [23] and [24]. Haigermoser et al. calculated the mean pressure
field based on velocity data, and found a low pressure region associated with the main
recirculation region, and a smaller high pressure region on the downstream wall,
associated with shear layer impingements [24].

Figure 2-7 Mean flow field (adapted from ref. [24])

Also a periodic, low frequency oscillation of the shear layer was reported and attributed it
to a flow instability leading to regular in- and outflow events [24]. Murray et al.’s study is
one of the very few examples of application of proper orthogonal decomposition (POD)
to cavity flows [25]. Their results show that although the relative energy of the dominant
modes decreased at higher Reynolds numbers, the POD mode shapes at all Reynolds
numbers were similar, indicating that the underlying dynamic structure of the flow is
similar, despite different mean recirculation flow patterns. Their study also included
some results regarding cavity resonance, a phenomena which is explained in section 2.5.
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In another study, a wider range of h/D (0.2-0.7) for nominally two-dimensional
rectangular cavities with a turbulent boundary layer (ReD = 2.7×105-3.3×105) were
investigated [26]. Their findings in the case of the shallow cavity (h/D = 0.2) were similar
to those described in the previous paragraphs. In the case of the intermediate depth cavity
(h/D = 0.7), Ukeiley and Murray reported one dominant circulation zone, driven by the
shear layer [26]. Using quadratic stochastic estimation, they reconstructed the timedependent behaviour of the flow, and reported flapping of the shear layer regardless of
resonant conditions, which they named “breathing”. Unlike Ashcroft and Zhang [23],
they found this phenomena to be non-periodic.
The above-mentioned research shows the capabilities Particle Image Velocimetry (PIV)
as a non-intrusive technique for measurement of the complex flow in the volume of the
cavity. Thanks to its capability of simultaneous velocity field measurement in multiple
points in the flow field, PIV can provide valuable information about the flow structure
that cannot be obtained otherwise. The effect of Reynolds number and h/D ratio on the
position of the circulation zones inside the cavity, the spatial distribution and growth of
velocity fluctuations and turbulent stresses downstream of the leading edge of the cavity,
shear layer position and growth, and dynamic behaviour distinguished using POD, are
examples of the valuable insight provided by PIV measurements of the cavity flow.
When PIV measurements with sufficiently high frequency resolution are used, these data
are completed with direct measurements of the time-dependent parameters of flow.
Although the above mentioned observations provide some insight into the effect of the
upstream boundary layer on the cavity flow, a more in-depth understanding can be
obtained by investigating these effects for other flow types which have fundamental
similarities to cavity flows.

2.4.2 Backward Facing Step Flows
The flow over a backward facing step is one of the flow types which has fundamental
similarities to the cavity, since it involves separation of a shear layer from a sharp edge,

30

impingement of the shear layer onto a surface, and formation of a recirculation zone. The
general structure of the flow is especially similar to that of a closed cavity.
Unlike cavity flows, several investigations have been carried out to study the effect of
boundary layer thickness on the characteristics of the backward facing step flow. One of
the earliest examples in which the effects of upstream boundary layer thickness and
freestream turbulence on the flow behind a backward facing step have been investigated
is the experimental study by Cheun et al. [30]. The study involves a backward facing step
exposed to a turbulent boundary layer at a Reynolds number based on the step height of
Reh = 5.2×104. Combinations of two boundary layer thicknesses (δ/h = 0.14 and δ/h =
0.67) and two levels of freestream turbulence intensity (0.5% and 3.5%) were
investigated. The results indicated that for the case with thicker boundary layer the
velocity profiles were broader, and had smaller gradients in the vertical direction, for all
downstream locations (down to the reattachment region). The smaller gradients led to a
larger recirculation zone, and reattachment was found to occur further downstream. The
shear layer for the case exposed to a thicker boundary layer was thicker, and showed a
larger growth rate downstream of the cavity. Smaller peaks of turbulence intensity and
Reynolds shear stress were also observed for the case with thicker boundary layer.
With regards to the effects of freestream turbulence, the higher freestream turbulence has
led to higher levels of turbulence intensity downstream of the step. The increase in
turbulence intensity, indicated by the difference between turbulence intensity profiles at
several downstream locations, is more pronounced for the case exposed to a thicker
boundary layer. In general, the effects of increasing turbulence intensity have been
reported to be less significant than the effects of increasing the thickness of the boundary
layer.
The effects of boundary layer thickness on the flow characteristics of a nominally twodimensional backward facing step was investigated systematically by Adams and
Johnston ([31] and [32]), for Reynolds numbers ranging from 800 to 40000, based on the
step height. Their study involved variation of boundary layer thickness in the range of

0 ≤ δ / h ≤ 2 . Their results indicated that for a turbulent incoming boundary layer (Reh =
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3.6×104), the peak pressure, pressure at the reattachment point, and the pressure
downstream of the reattachment point decrease, when the boundary layer thickness
increases. A thicker boundary layer also leads to a larger reattachment length due to a
larger recirculation zone, in which the vortex core is located farther downstream from the
step. The reattachment length is found to be generally larger for turbulent boundary
layers.
Turbulence intensity and the overall level of shear stress in the recirculation zone also
decrease when the boundary layer thickness increases. An increase in the thickness of the
boundary layer has also been found to decrease the skin friction coefficient on the floor
of the step. These observations are consistent with the previously described observations
in the case of a cavity, and are indicative of lower velocities being entrained into the
recirculation zones.
Some investigators have used axisymmetric backward facing step models to minimize the
end effects, and achieve flows that are more similar to that of an infinite two-dimensional
backward facing step. An axisymmetric backward facing step model comprises a circular
cylinder with its axis aligned with the free stream, in which the step if formed by a
sudden change of radius of the cylinder. The change in radius is usually chosen to be a
small fraction of the radius of the cylinder, to minimize the effects of curvature at the
step. Studies involving these types of models verify the trends originally established by
Adams and Johnston ([31] and [32]) regarding the effects of boundary layer thickness.
Hudy [33] has studied the effect of boundary layer thickness on the flow characteristics
of an axisymmetric backward facing step, by changing Reh between 6×103 and 1.9×105.
In her study, the boundary layer thickness decreases as Reynolds number increases,
therefore, the trend of variations if the flow characteristics with Reynolds number have
been attributed to variations in the boundary layer thickness. The results indicate that
friction velocity and skin friction coefficient on the floor of the step both decrease as the
boundary layer thickens. Comparison of Reynolds shear stress profiles downstream of the
step shows a larger peak (closer to the floor of the step) for higher Reynolds numbers
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(thinner boundary layers). The reattachment length is also found to be larger at lower
Reynolds numbers, which correspond with thicker boundary layers.
In another similar study, Terekhov and Bogatko have investigated the effect of boundary
layer thickness before separation on aerodynamic characteristics of an axisymmetric
backward facing step [34]. The geometry in the study by Terekhov and Bogatko is
different from that of Hudy, as it models the axisymmetric step as a sudden expansion in
a cylindrical pipe. However, the general observations with regards to the effect of
boundary layer thickness are similar. The simulations cover Reynolds numbers ranging
from Reh = 5×103 to 105, and the effects of boundary layer thickness have been
investigated by varying the boundary layer thickness between δ/h = 0.25 and δ/h = 3 at
the constant Reynolds number of Reh = 6700. According to their results, as the boundary
layer thickness increases, the peak pressure levels, and the skin friction coefficient in the
recirculation zone decrease. Similar to the results of the study by Adams and Johnston
([31] and [32]), the reattachment length increases when the boundary layer thickens.
Another example, which involves a different problem and setting, but supports the abovementioned trend, is the study of flow in an urban-type street canyon by Savory et al. [35].
Their study involves two blocks with square profiles preceded by a series of cubic
roughness elements of the same height, to simulate the interaction of the atmospheric
boundary layer with two rows of buildings in an urban area. Velocity and turbulence
intensity profiles have been compared near the upstream end of the cavity formed
between the two blocks, for a cavity depth to length ratio of h/D = 0.1. Their comparison
with previous work involves two cases with Reynolds numbers close to one another, but
with different boundary layer thicknesses at the separation point, due to different setup of
roughness elements upstream. The comparison indicates that the case with thinner
boundary layer shows a higher position of shear layer, and higher levels of turbulence
intensity. Most importantly, the gradient of the streamwise velocity in the vertical
direction, at the edge of the cavity, is much higher. These differences have been
attributed by the authors to effects of several parameters, including boundary layer
thickness.
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In previous paragraphs, a variety of studies involving various flow types and geometries
have been reviewed to identify the effects of boundary thickness and state on the
characteristic of the flow field formed by the separated shear layer. Although the flow
types and the conditions of the experiments or simulations are different in the mentioned
studies, certain general trends can be observed in all of them, which can be summarized
as follows:
•

A thicker upstream boundary layer results in lower velocities being entrained into
the cavity or the recirculation zone. As a result the positive pressures in the cavity
or recirculation region will be lower

•

The parameters associated with the velocity gradients, such as skin friction
coefficient and shear stress, will also be lower for a thicker upstream boundary
layer

•

The growth rate of the separated shear layer is larger for a turbulent boundary
layer, compared to a laminar one, therefore, more momentum is entrained into the
cavity exposed to a turbulent boundary layer.

For backward facing steps, the length of the recirculation zone, and consequently the
distance between the vortex core and the upstream wall is larger for a thicker upstream
boundary layer, and when the boundary layer is turbulent. Although the effect of the
boundary layer thickness on the distance between the vortex core and the upstream wall
has not been explicitly examined for cavities, there are a number of studies, in which the
effect of free stream velocity on the recirculating flow inside the cavity are investigated.

2.5

Cavity Flow Oscillations

In reality, an open cavity flow is strongly unsteady because of the intense oscillations that
occur in the cavity. These oscillations are self-sustained and classified in three main
categories:
•

fluid elastic oscillations due to coupling of the oscillations with the solid
boundary motion,
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•

fluid-resonant oscillations which can occur if the ratio of the cavity length (D) to
the acoustic wave length is very small,

•

fluid-dynamic oscillations due to velocity fluctuations in the turbulent boundary
layer, shear layer instabilities, and fluctuations of the captive vortex within the
cavity [36] and [37].

According to Rockwell and Naudascher [36], the physically significant parameters for
fluid dynamic oscillations are: D/W, δ*/D, θ/D, Reynolds number, and Mach number.
One of the important phenomena resulting from fluid dynamic oscillations is feedback
resonance. This is a special type of fluid-dynamic oscillation where the free shear layer is
the main driving source of the oscillations. Feedback resonance refers to an interaction
between a pressure pulse created at the downstream cavity lip by shear layer vortex
stagnation and an unstable shear layer at the upstream cavity lip. Resonance occurs when
a feedback loop develops along the cavity length, and amplifies distinct frequencies
inside the cavity due to the instabilities in the shear layer. These resonant oscillations can
cause structural fatigue and have been known to increase the drag by as much as 250%
when compared to a non-resonating cavity [39].
As will be discussed in the following paragraphs, most oscillations of this type are only
present for very thin approaching boundary layers and are suppressed by the level of
turbulence in a thick turbulent boundary layer. Since, in the current study, the
approaching turbulent boundary layer is thick (δ/D = 0.6), this type of oscillations does
not occur. The main aspect of this type of oscillations will be briefly described in this
section, for completeness of the review.
Rossiter described the feedback loop formation as follows (Figure 2-8) [38]:
1. Concentrated vortices are shed periodically from the upstream lip of cavity.
2. These vortices travel downstream along the shear layer which impinges the
downstream wall of the cavity.
3. Upon interacting with the downstream wall of the cavity acoustic pulses are
produced.
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4. These acoustic disturbances move upstream inside the cavity and disturb the
shear layer at the upstream lip.
5. When the acoustic pulses reach the upstream end of the cavity, they cause the
shear layer to separate upstream of the edge and shedding a new vortices.

Figure 2-8 Typical feedback resonance mechanism [53]

Although Rossiter’s semi-empirical formula was successful in some cases, it wasn’t
always predicting the tone frequency well, especially when the flow Mach number was
outside the range covered in his experiments ( 0.4 ≤ M ≤ 1.2 ) [41]. Later, Block modified
Rossiter’s formula by assuming that the acoustic waves reflected from the cavity base
were also a key component [40]. Therefore, he suggested the following formula instead
which has considerable effect on predicted frequencies for M<0.4:

f =

Uo
D

m
0.514
M (1 +
) + 1/ κ r
D/h

(2-12)

where κr is the real part of the wave number of the disturbance traveling downstream.
Both of these formulas predict the same frequencies for high Mach numbers.
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However, it should be noted that an open cavity flow does not always resonate. If δ is the
boundary layer thickness immediately upstream of the cavity the, the following parameter
ranges are necessary for cavity resonance:
1. Laminar upstream boundary layer
•

Sarohia: δ/D>0.075 and (D/δ)(Reδ)0.5>290 (for δ/h<0.5) [42]

•

Gharib and Roshko: 0.049<δ/D<0.094 [43]

2. Turbulent
•

Ahuja and Mendoza δ/D<0.066 [44]

Gharib and Roshko’s experiments showed that for both δ/D = 0.06 in one case and
(D/δ)(Reδ)0.5 = 285 in another case, cavity is resonated which was in contrast with
Sarohia’s conditions. So, they suggested a new resonance condition [43]. They observed
that when δ/D>0.094, the shear layer bridged smoothly over the cavity with no distinct
oscillations. When 0.049<δ/D<0.094, a self-sustained oscillation appeared in the cavity
shear layer. The oscillations disappeared when δ/D<0.049. In this case, the shear layer
became unstable on a large scale comparable to the model dimensions, and no longer
reattached at the downstream wall. This mode was called the wake mode [43].
Grace et al. have studied the effects of laminar and turbulent upstream boundary layers
on a non-resonating cavity subject to low Mach number flow, using a removable
turbulent trip at the entrance of the test section at the same velocity as laminar flow [45].
For the laminar flow, although δ/D = 0.057, the flow was non-resonating. This agrees
with Sahoria’s condition but is in contrast with Gharib and Roshko’s findings. Also when
they checked Sarohia’s conditions for their experimental results, they realized that of the
two parameters suggested by him, the dependence upon δ/D is the strongest.
For the turbulent flow with δ/D = 0.127 the cavity was non-resonating and it satisfies
Ahuja and Mendoza’s condition. However, Lin and Rockwell found cavity resonance for
the approximately similar δ/D of 0.113 in water [37]. The Reynolds number for both of
the experiments was the same (Re = 1.2×104). The most significant parameter difference
between the Lin and Rockwell’s experiment and Grace’s was the Mach number which
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due to the different fluid media, differed by a factor of 250. Grace et al. concluded that
the previously reported parameter ranges for resonance only remained valid at the
specific Mach number and the upstream boundary layer condition for each experiment.
Sarohia worked at M = 0.02 [42], Gharib and Roshko worked at M = 0.00015 [43] and
Ahuja and Mendoza used M>0.25 [44].
In the case of circular cavities, since the streamwise length (D), which is used in
Rossiter’s formula, is not constant, his formula is not suitable for resonance frequency
prediction. Marsden et al. have studied circular cavities with h/D = 0.5, 1.0, and 1.5 at
Mach numbers = 0.15 and 0.34. They showed that the diameter-based Rossiter curves do
not represent the Strouhal number variation with Mach number [46]. They concluded that
the resonance phenomenon for circular cavities is more complicated than rectangular
cavities.

2.6

Yawed Cavities

Yaw angle is another important parameter affecting the cavity flow regime. Wieghardt
investigated the effects of yaw angle variation on drag coefficient of cavities with
W/D>8.15 and h/D = 0.5. Little variation of the drag coefficient was observed up to yaw
angle = 35o. While drag increased up to 300% at yaw angle around 70o to 80o. Also, he
realized that shallower cavities (h/D<0.25) were less affected by the yaw angle variation
[47]. Savory et al. studied combinations of cavity depths and yaw angles for a W/D = 2
rectangular cavity. For yawed cavities, not only is the flow inside the cavity asymmetric,
but vortices are also strongly shed, unlike the cases which the cavity is normal to the flow
direction. Also, for some cases, namely h/D = 0.4-0.5 and yaw angle = 45o-60o, a sudden
rise in the drag force is observed [48].
Czech studied different combinations of rectangular cavity W/D ratios and yaw angles
experimentally and numerically and measured mean and unsteady pressures [49]. He
showed that the cavity flow field changes considerably with aspect ratio, and that flow
field inside the cavities of small aspect ratio (W/D = 2) are less affected by changing the
yaw angle. Also, for W/D = 4.85 considerable fluid entrainment occurs near the upstream
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end of the downstream cavity side wall at yaw angle = 45o-75o and a strong vortical
structure forms along the cavity axis. It was shown by the mean pressure measurements
that for cavities with aspect ratio larger than W/D = 2, at yaw angle = 30o-60o, steep
pressure gradients occur. Also, a region of high stagnation pressure at the downstream
cavity side walls shows the shear layer impingement. Figure 2-9 illustrates a schematic
model of flow field inside a yawed cavity. By a detailed study of the unsteady pressure
field for several cavity depths, it was found that strong instabilities only occur if the
vortical structure inside the cavity is well established. Shallower cavities (h/D<0.5)
produce lower instability magnitude at all aspect ratios and yaw angles and the highest
instabilities occur at h/D = 0.57-0.67. It was observed that the magnitudes or frequencies
do not change significantly with boundary layer thickness. He concluded that the extent
of flow entrainment into the cavity is the main parameter that influences the mean and
unsteady pressures as well as the drag coefficient. Also, it was shown that the interactions
between the separated shear layer and the cavity base, which change with yaw angles and
cavity depth, are the main reasons for changes in the mean and unsteady pressure field
[50].

Figure 2-9 Schematic model of aerodynamic phenomena resulting in vorticity shedding [49]

2.7

Different Cavity Planforms

The flow associated with cavities with curved walls (elliptical and circular cavities) is
similar in certain aspects to that of the rectangular cavities. However, some differences
exist in flow field. Most of the investigations related to the cavity planform geometry are
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limited to the effect of cavity planform shape on drag [3], and only a few focus on the
flow inside and downstream of the cavity. The earliest investigations led to the
determination of the effect on drag of cavity depth and aspect ratio for elliptical cavities
[3]. A peak in the drag was found, due to flow asymmetry, at certain cavity depths
( h / D ≅ 0.5 ) for a cavity with a circular planform, which is a special case of the elliptical
planform cavity with a 1:1 aspect ratio. It was also noted that increasing the aspect ratio
decreased the resulting drag for h/D<0.8, while for deeper cavities, the drag value was
almost constant [3]. Through mean pressure measurements on circular cavity surfaces, it
was shown that a stable captive vortex exists inside the circular cavity for most depths.
But, again, for h / D ≅ 0.5 the pressure distribution was found to be highly asymmetric
[51], [52] and vortices were shed from the cavity into the external flow [53].
The work of Haigermoser et al. [54] is an example of application of the latest nonintrusive flow measurement techniques in the case of a three-dimensional cavity with a
circular planform and h/D = 0.5, exposed to a turbulent upstream boundary layer. They
used stereoscopic PIV measurements in the vertical plane (z = 0) and multiple horizontal
planes, as well as tomographic PIV in the volume of the cavity, to describe the threedimensional flow inside the cavity. In the vertical plane, the flow was found to be
dominated by a recirculation zone, with the locations of the maximum velocity
fluctuations close to those of rectangular cavities. An important phenomenon observed,
thanks to the ability of their measurement techniques to cover the three-dimensional
volume of the cavity, was the asymmetric structure of the vortex associated with the
circulation zone. While care was taken to ensure symmetry in the experimental setup, the
flow was found to enter the cavity volume on one side, circulate, and then exit the
volume on the other side. Increased turbulence intensity was found where the flow exited
the cavity and interacted with the freestream. A similar asymmetric behaviour has been
reported by Dybenko and Savory for a circular cavity with h/D = 0.5, at ReD = 1.3×105
[43].
Elliptical cavities yawed to the flow were first investigated by Savory and Toy [5], who
noticed an increase in drag for certain yaw angles. Also, Hering and Savory studied flow
regimes for a 2:1 aspect ratio elliptical cavity with various yaw angles and cavity depths,
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and categorized the elliptical cavity flow regimes into several different types (Figure
2-10) [6]. Although some similarities have been found between rectangular and elliptical
cavity flow regimes, the effect of the planform radius of curvature is not fully understood
and so far only a limited number of yaw angles have been investigated.

Figure 2-10 Resulting flow regimes of yawed elliptical cavities [6]

Due to the complexity of the PIV measurements through curved surfaces, no PIV results
for elliptical cavities have been reported so far. One of the solutions to overcome this
problem is gaining optical access to the interior of the cavity by setting the camera at an
angle, similar to the experimental setup used by Haigermoser et al. [54]. The other
solution is to compensate the effect of the image distortion caused by the surface by
quantifying the distortion using a reference image.

2.8

Drag of Cavities

The effects of different cavity geometries and approaching boundary layer conditions on
drag coefficient have been studied by many researchers. Most of these drag data have
been derived from force balance measurements which can not be used to specify the
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cavity flow regimes. Only a few researchers have used surface pressure distribution
measurements to extract the aerodynamic forces [48].
Tani et al. showed that open cavities have lower drag compared to the closed ones [12].
In the case of open cavities the lower part of free shear layer, which has a lower velocity,
spans the cavity opening and the maximum pressure on the downstream wall is found at
the lip. However, for the closed cavities the upstream wall acts like a forward facing step
and not only faces higher velocity, but also the stagnation point is located slightly below
the lip. As a result, the pressure on the downstream wall is higher in the case of shallower
cavities, which means a higher drag.
They have also shown that for the step case, as the boundary layer thickness is reduced,
the pressure rise due to flow reattachment increases [12]. The result of a later study by
Plentovich with two different approaching boundary layer thicknesses, δ/D = 0.021 and
0.014, show that when the boundary layer entering a cavity is thinner, the pressure
distribution becomes more positive in the aft region and more negative downstream of
the cavity [18]. The reason is that, in case of thinner boundary layer, a higher velocity
flow is entrained into the cavity. Therefore, when the boundary layer thickness decreases,
the drag of the cavity increases.
This phenomenon was also explained by Haugen and Dhanak’s analytical model for a
two-dimensional rectangular cavity exposed to a turbulent oncoming boundary layer [55].
They proposed a model in which the drag of the cavity is proportional to the average
shear stress τ at the mean dividing streamline (i.e., y = 0). When the boundary layer
thickness increases, the shear layer entrainment thickness increases as well (less
curvature), and as a result the velocity gradient (

∂u
) and thereby τ decreases and one
∂y

can conclude based on this proposed model that drag will also be lower. The model has
been verified against experimental data obtained by measuring the difference between the
integrated mean values of pressure coefficient over the upstream and downstream walls
of the cavity.
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Gaudet and Winter studied the drag of rectangular and circular cavities [56]. They
suggested a model that the separated shear layer along the cavity opening was the reason
for the complexity of the cavity flow regimes. In their model, the cavity drag is a function
of the effective shear stress ( τ ′ ) arising from the separated shear layer. For rectangular
cavities they used the following equation to make the effective shear stress nondimensional, using the approaching boundary layer shear stress (τ) and related that to the

net drag coefficient (

∆C D
):
Cf
∆C D τ ′ − τ
=
Cf
τ

(2-13)

where ∆C D is the incremental drag coefficient due to the presence of the cavity and Cf is
the local skin friction coefficient of the boundary layer. Using the normalized drag
coefficient makes it possible to fairly compare experimental data with different
approaching boundary layer characteristic. However, the effects of particular aspects of
the cavity flow, such as cavity planform shape, aspect ratio, h/D and also Reynolds and
Mach numbers should be considered.
In the case of circular cavities the model is more complicated and

∆C D
is a function of
Cf

geometrical specifications, Mach number, viscosity, and friction velocity. So, the
following model has been proposed for circular cavities:
∆C D
u D
= A * 
Cf
 ν 

B

(2-14)

where u* is the friction velocity, D is the diameter of the cavity, ν is the viscosity of the
fluid, A is a function of h/D and Mach number, and B is a constant for any given Mach
number.
Young and Paterson provided comprehensive drag data which can be used for design
purposes [57]. They used previous researchers’ experimental data to extract a mean curve
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for variation of normalized drag coefficient with h/W. As can be seen in Figure 2-11,
shallower cavities produce larger drag. Also, increasing the aspect ratio decreases the
resulting drag for shallow cavities. But for deeper cavities (h/W>1) the drag coefficient
does not vary with h/D. The same trend was observed for elliptical cavities as well except
for the particular case of D/W = 1 (circular cavity) which shows a peak in drag for h/D =
0.5, as was discussed in the previous section (Figure 2-12).

Figure 2-11 Variation of normalized drag coefficient with h/D for rectangular
cavities at 0° yaw angle (The line is added to visualize the general trend.)

The effects of yaw angle on cavity drag for rectangular cavities were explained in section
2.6. In the case of elliptical cavities, Hering produced a contour plot which illustrates
variation of the normalized drag coefficient with h/D and yaw angle (Figure 2-13) [58].
The general trend is similar to that found by Savory et al. for rectangular cavities [48] and
the maximum drag occurs for h/D ≅ 0.5 and yaw angle = 45o-60o which can be due to
highly asymmetric flow patterns in these cases.
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Figure 2-12 Variation of normalized drag coefficient with h/D for elliptical
cavities at 0° yaw angle (The lines are added to visualize the general trend for
elliptical (solid line) and circular (dashed line) planform shape.)

Figure 2-13 Effect of yaw angle and depth on the normalized drag
coefficient of an elliptical cavity (W/D = 2) [58]
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2.9

Numerical Simulations of Cavity Flows

Considering the highly three-dimensional flow inside the cavities and the challenges of
experimental measurements in the enclosed space of a cavity, researchers have used
numerical analysis as a tool to model and predict the flow in a cavity, and to avoid the
experimental complexities. With modern advances in computing techniques and
computing power, Computational Fluid Dynamics (CFD) methods are now helpful as an
aid to the understanding of the flow processes involved in the unsteady aerodynamics of
cavities. Numerical analysis also makes it possible to examine multiple combinations of
the parameters discussed in the previous sections, for which experimental analysis can be
time consuming and costly.
Cavity flow simulations have been under development and there are many challenges to
overcome. Two main problems are meshing and turbulence modeling which can be
interdependent, thus adding the complexity. The simulation can be affected by many
other factors such as discretization technique, flux representation, boundary conditions,
and time stepping [14].
Direct Numerical Simulation (DNS), with no requirement for turbulence modeling would
be the best approach, but the computational effort is prohibitive. Therefore, different
degrees of turbulence modeling, ranging from Large Eddy Simulation (LES) or Detached
Eddy Simulation (DES) to Reynolds Averaged Navier Stokes (RANS) solutions using an
assortment of two-equation (e.g. k-ω or k-ε) or algebraic turbulence models are used. LES
and DES methods require more computing power than RANS based two-equation
methods. Although recent LES-based methods are better for modeling cavity static forces
(steady or time averaged pressures) and dynamic forces (unsteady pressures), RANS
based methods should not be dismissed, as they are less computationally demanding and
have been used with some success. DES is a hybrid RANS-LES approach with benefits
from both methods in difficult areas, such as in the free shear layer (LES) and lower
computational demands in other suitable areas such as approaching boundary layer
(RANS) [14].
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The backward facing step problem served as a precedent for the numerical analysis of
cavity flows. Due to the simple geometry and availability of experimental data, the
backward facing step has become a benchmark and validation test problem for CFD
simulations. Several researches simulated the laminar flow over two-dimensional and
three-dimensional backward facing steps, using different methods and algorithms. The
two-dimensional numerical simulations usually show good agreement with the
experimental results for Re<400, but underestimate the reattachment length for Re>400
[59], [60]. The reason for the discrepancy is the three-dimensionality of the flow as has
been observed in experiments before [61]. Le et al. investigated the three-dimensional
turbulent flow over a backward facing step, using DNS at Re = 5100. The results were in
very good agreement (within 3% error) with experimental data in predicting reattachment
length and skin friction coefficient [62]. Later investigators showed the complementary
nature of the experimental and numerical simulations. They showed that the main
advantage of experiment was the relative easiness in measurement of unsteady flow
behaviour and on the other hand numerical simulation is capable of providing spatiotemporal details of the flow which cannot be easily obtained in the experiment [63].
The numerical analysis of cavity flows begun in the 1960s. These studies were mainly
focusing on flow inside two or three-dimensional lid-driven cavities [64]. In lid-driven
cavity flow simulation, the interaction between the shear layer and the recirculation flow
and the effects of cavity flow on the downstream are not considered and only the flow
field inside the cavity is modeled [65]. Therefore, the results of these simulations are
different from the real cavity flow phenomena.
Yao et al. simulated the unsteady incompressible laminar flow past three-dimensional
open rectangular cavities using a finite difference scheme for solving the unsteady
Navier-Stokes equations. They studied different inflow conditions, different Reynolds
numbers, and h/D. They observed that by increasing the Reynolds number, the cavity
flow becomes extremely unsteady and it affects the boundary layer downstream of the
cavity. At high Reynolds numbers, longitudinal vortex structures were also captured
which can not be simulated by a two-dimensional model. Also, it was observed that as
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the thickness of the boundary layer decreases, the flow becomes more unstable in terms
of larger oscillations in the shear layer [64].
The other main focus of cavity flow numerical simulations in the last two decades has
been on flow oscillations. Early numerical studies of compressible cavity flows have used
the two-dimensional unsteady RANS equations with a k-ε turbulence model [66] while
the compressible turbulence models for predicting separated oscillating flows and,
especially, their radiated acoustic field have not been found to be effective [67]. Rizzeta
simulated supersonic flow over a three-dimensional cavity using the RANS method and a
simple algebraic closure model for the turbulent viscosity coefficient and found that, even
for the three-dimensional method, discrepancies in comparison with experimental data
exist. He suggested several possible reasons for these differences, including inadequate
numerical resolution, numerical damping, the use of the eddy viscosity model, and
discrepancy between the calculated and physical upstream shear layer profiles [68]. Later
he tried the LES method and realized that this model produces more precise results [69].
Rowley et. al. [67] showed DNS at low Reynolds numbers presents a more accurate
method to predict the details of oscillation modes consistent with the acoustic feedback
mechanism of Rossiter [38]. Also, it was shown that the wake mode oscillation is similar
to that reported by Gharib & Roshko [43]. They found that the frequency of oscillations
in the wake mode is independent of Mach number. In the wake mode, a significant backflow was present inside the cavity, which led to an absolute instability and, as a result, the
feedback mechanism switched to the wake mode [67].
Ideally, a numerical study of a three-dimensional cavity should include the effects of the
unsteady flow, and should use an approach to the issue of turbulence which would
account for the effects of turbulence in all scales on the cavity flow. An example of such
a study in the case of a circular cavity is Grottadaurea and Rona’s work [70]. To model
the effects of turbulence, they have used Detached Eddy Simulation, which is a
combination of a RANS turbulence model for the near wall region and LES for the rest of
the solution domain. Such a numerical analysis requires a large amount of computational
resources, which has been provided by a national high performance computational
network in case of Grottadaurea and Rona. This computational approach may not be
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feasible when multiple simulations are needed to study the effects of several
combinations of flow and geometric parameters.
Zdanski et al. numerically simulated both laminar and turbulent flows over shallow
rectangular cavities to model solar collectors with wind barriers [71]. They used the
RANS equations with a k-ε turbulence model. They studied the influence of cavity aspect
ratio, turbulence level of the oncoming flow and Reynolds number. They have argued
that although the instantaneous flow inside cavities plays an important role, the mean
flow, which can be modeled through a steady simulation, can predict the pressure
coefficient distribution with a difference of 0.03 or less with the experimental data. They
used this comparison to consolidate their code validation [71]. Although steady
simulations of the mean flow do not provide any information about flow dynamics, they
allow the analysis to be carried out within a reasonable frame of time and computational
resources. Therefore, steady simulations can be considered as a useful approach when
several simulations involving combinations of flow and geometric parameters are
required.
In another study conducted by Durteste, it has been shown that the quasi-steady
assumption for cavity flow can be considered. She showed that it is possible to define a
dividing streamline that separates the flow which enters the cavity from that which does
not. Since the boundary layer is turbulent, some exchange of fluid occurs but it can be
neglected. Therefore, although cavity flows are unsteady, it has been possible to identify
a typical steady flow configuration to reduce the cost and time of computations. To
confirm this, she compared the drag coefficient calculated from the steady simulation
with the mean drag coefficient from the unsteady calculation and showed that the results
were similar [72].
Czech used a commercial CFD package (FLUENT) to simulate the flow over yawed
rectangular cavities [49]. He used time averaged turbulent flow for this simulation and
the k-ε model was chosen due to grid and computational limitations. The resulting drag
coefficient data were compared with experimental data and were found to be within 10%
of the experimental values. Pathlines, velocity field and turbulent kinetic energy inside
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the cavities were studied through these simulations which provided a valuable insight into
the development of vortices in the cavity. The overall mean pressure field was predicted
reasonably well, but there were quantitative differences (10%) in drag coefficient
calculations for some yaw angles. He suggested that those differences might arise due to
disability of the k-ε model to predict the separated flows accurately, grid distribution, or
the use of wall functions.
Of the entire body of research dealing with the numerical analysis of cavity flows, only a
small fraction is dedicated to the case of flow in a circular cavity. Beside the works of
Grottadaurea and Rona [70] which was mentioned before, Hering et al. [73] and Marsden
et al. [46] also conducted CFD studies of flow in and around circular cavities. Hering et
al. used FLUENT to simulate turbulent flow over circular cavities with varying depths.
They used time averaged turbulent flow and k-ε model as well. The flow physics and
qualitative flow behaviour for most of cases were simulated with reasonably good
quality, but the pressure coefficient values were underestimated. Also, the flow
asymmetry for the special case of h/D = 0.47 was not as strong as predicted by the
experimental results and this resulted in drag coefficient underestimation.
Marsden et al.’s research was mostly focused on acoustic radiation of circular cavities
[74]. They used LES to simulate the turbulent flow over circular cavities with h/D = 0.5
and 1.0 at Mach number = 0.26. For the deeper cavity they observed a symmetrical
pressure distribution on cavity walls, while the shallower cavity had an asymmetric mean
flow field. Unlike Dybenko and Savory’s results [53], for h/D = 0.5, a tonal emission was
not observed around StD = 0.41 for neither their experimental tests nor numerical
simulations. Dybenko and Savory suggested that this mechanism and its related peak
could be associated with the asymmetric mean flow. Marsden et al. concluded since they
did not observe this peak and they still captured asymmetric flow, this can not be the
main reason for the flow asymmetry.
The details of the flow in and around elliptical cavities are substantially different from
other types of cavity, as described in section 2.7. However, very little experimental data,
and almost no numerical analysis has been reported in the case of elliptical cavities.
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Numerical simulations, when based on a reliable numerical model, can lead to a better
understanding of the physics of flow in and around cavities, by providing a threedimensional set of data with the appropriate spatial and temporal accuracy, which can be
manipulated to identify flow phenomena such as generation and shedding of vortices, and
to estimate the overall aerodynamic characteristics. Confidence in the numerical model
can be gained by employing the techniques and methods that have been proven to provide
acceptable results in the literature [49], [73], and by validating the model against the
existing experimental data and tailoring the numerical model to replicate these data
accurately. Once the appropriate numerical model is established, the simulations can be
extended to the cases where no previous experimental numerical or experimental data are
available, including various combinations of the governing parameters such as the
oncoming boundary layer, h/D ratio, and yaw angle. Such a systematic study can provide
better insight into the flow in and around elliptical cavities, and extend the knowledge
base in this area.
The review of previous research involving numerical simulation of cavity flow presented
herein indicates that in order to achieve a high quality prediction of the flow, the unsteady
effects should be accounted for in the simulation, and that the most accurate approach to
the issue of turbulence should be implemented. Considering the state-of-the-art in CFD,
this usually means a three-dimensional, unsteady simulation, with LES or even DNS
employed for turbulence treatment. However, this level of sophistication may not be
achievable for all researchers, due to limitations in computer resources. These limitations
become especially prohibitive when several simulations involving various combinations
of geometric and flow parameters are to be studied in order to establish a trend, to
describe the effects of these phenomena on cavity flows.
The usual practice in this situation, as implemented by Czech [50], Zdanski et al. [71],
Durteste [72] and Hering [73] is to settle for a simpler numerical model that is still able to
predict the principal flow phenomena, which means the use of the best available RANS
turbulence model instead of LES or DNS, and focusing on the mean flow characteristics
through steady simulations. The same practice has been implemented in the present
research. However, unlike the above-mentioned researchers, who used turbulence models
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limited to isotropic turbulence (i.e. k-ε), the more advanced Reynolds Stress Model
(RSM), which is able to account for non-isotropic turbulence has been utilized in the
present research, and the individual Reynolds stress components have been modeled
using input profiles based on actual wind tunnel measurements.

2.10 Summary
In this chapter, the important features of cavity flows were introduced and discussed. It
was shown that the cavity flow regime varies with geometry (depth to length ratio, aspect
ratio, and planform shape), yaw angle, Reynolds number (laminar or turbulent flow),
approaching boundary layer parameters, and Mach number. Cavity flows were classified
into open, transient, and closed regimes, and their main features were defined. The threedimensional nature of flow inside the cavities was discussed.
The different types of cavity flow oscillations including fluid-elastic, fluid-resonant, and
fluid-dynamic, were introduced, with the main focus on the feedback resonance
mechanism. Some empirical models for prediction of the resonant frequency and their
validity for different flow conditions and planform shapes were discussed. Also, the
effects of the approaching flow conditions (Re and Mach numbers), as well as the effect
of boundary layer thickness on cavity resonance were described.
Afterwards, the effects of yaw angle and different planform shapes, including
rectangular, circular, and elliptical planforms, on flow field asymmetry were explained.
The drag of cavities and the effects of the previously mentioned parameters including the
cavity type, geometry, planform shape, yaw angle, etc. on drag was studied. Also, a nondimensional parameter, normalized drag, was introduced, which enables researchers to
compare the drag results regardless of the approaching boundary layer characteristics.
As discussed in detail in Chapters 3 and 4, experimental measurements of the flow field
using Particle Image Velocimetry (PIV) and numerical simulations have been utilized in
the present study as the two principal methods to investigate the flow inside and around
cavities with elliptical planforms, with various yaw angles and depths.
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The review of the studies involving PIV measurement of flow in cavities highlights the
capabilities of this technique to provide valuable information on flow structure (as
specified by the characteristics of shear layer, and the arrangement and position of
vortices in the cavity), the spatial distribution and growth of velocity fluctuations and
turbulent stresses in the cavity and the dynamic behaviour of the cavity flow. This was
complemented by an overview of the effects of parameters including boundary layer
state, Reynolds number, and cavity depth, on the above-mentioned characteristics of the
flow.
Finally, different numerical simulations and the respective simulation techniques
including turbulence modeling methods, steady/unsteady modeling, etc. were discussed.
Based on the findings of the previous studies involving numerical simulations, and
considering the limitations of computational resources and the numerous combinations of
geometric and flow parameters involved in the present study, steady simulations with
RSM as the turbulence model are selected for the present research. Although such
numerical simulations have their own limitations, they have previously been shown to be
able to provide valuable insights into cavity flow phenomena associated with the mean
flow [50], [71], [72], and [73].
The results of the previous research work on the flow in cavities, which have been
reviewed in this chapter, indicate that the flow structure, pressure distribution, and drag
of cavities are affected by a number of principal parameters. These parameters can be
divided into two groups: geometric parameters, which include the presence of sidewalls
and curvature, cavity depth, yaw angle and planform shape and flow-related parameters,
including Reynolds number and boundary layer thickness and state. The effects of these
parameters will be summarized in the following paragraphs:

•

Sidewalls and curvature
While the flow in three-dimensional cavities is dominated by the same principal
phenomena that dominate the flow in two-dimensional cavities (shear layer
separation, reattachment, and impingement, and formation of vortices inside the
cavity), there are significant differences between the flow in two and three-
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dimensional cavities. These differences originate from the effects of cavity
sidewalls, and in the case of cavities with circular and elliptical planforms, the
curvature of the cavity walls. The presence of sidewalls and curvature of the
cavity walls lead to variations in the position and strength of the vortices across
the span of the cavity, emergence of flow components in the spanwise direction,
and additional vortical structures resulting from the interaction of the side walls
and the freestream. These effects, in turn, result in spanwise variations of pressure
distribution on the cavity surfaces. In addition to these effects, the flow in cavities
is also affected by the formation of “cellular” structures across the span, even for
large aspect ratio cavities. This phenomenon has been documented for rectangular
cavities, and the number of these structures is found to be dependent on the
geometric proportions of the cavity, with a larger number of structures for cavities
with larger aspect ratio. Previous pressure measurements have shown indications
of this phenomenon in elliptical cavities.

•

Cavity depth
Depending on the cavity depth, the flow inside the cavity follows certain distinct
changes in the flow structure, represented by “closed”, “transitional” and “open”
regimes. When the cavity depth is increased, a transition of flow regime from
“closed” to “transitional” and then to “open” is observed. The definition of these
regimes originates from two-dimensional cavities. However, three-dimensional
cavities with various planforms have been found to follow the same transition of
flow structures. The drag of cavities in the “closed” flow regime has been found
to be larger than that of “open” cavities.

•

Planform shape
Previous studies on cavity flow include rectangular, circular, and elliptical
planforms. The studies on circular and elliptical cavities mainly focus on pressure
distribution and drag, rather than flow structure. These studies indicate that
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cavities with circular and elliptical planforms have highly asymmetric flows at
certain yaw angles, which lead to drag forces larger than those of comparable
rectangular cavities. Curvature of the cavity sidewalls results in additional threedimensional effects on the flow, which have not been documented systematically.

•

Yaw angle
Increasing yaw angle has been found to lead to flow asymmetry, for both
rectangular and elliptical cavities. The extent of this asymmetry, however,
depends on the geometric parameters and yaw angle. At moderate yaw angles (up
to 30°) the cavity flow characteristics remain similar to the cavity aligned with the
flow. However, when the yaw angle reaches 45°, a sudden increase in cavity drag
is observed. This behaviour is accompanied by the departure of the vortex from
the downstream part of the cavity and formation of a trailing vortex which affects
the flow downstream of the cavity. This behaviour is more pronounced in deep
cavities, and the flow in shallow cavities is found to retain its similarities to the
flow in a cavity aligned with the flow, even at high yaw angles. Previous studies
involving rectangular and elliptical cavities indicate a maximum drag for cavities
with intermediate depth, at yaw angles of 45° and 60°.

•

Thickness and state of the boundary layer
Another parameter affecting the cavity flow is the thickness and state of the
boundary layer upstream of the cavity. A thicker boundary layer leads to lower
velocities being entrained in the cavity and, therefore, lower levels of positive
pressure in the cavity. As a result, a cavity exposed to a thicker boundary layer
has a lower drag. Parameters related to the velocity gradient in the separated shear
layer, such as skin friction coefficient and shear stress components inside the
cavity, are also found to have lower levels when the upstream boundary layer is
thicker. The growth of the separated shear layer is larger for a turbulent upstream
boundary layer, leading to more momentum being entrained in the cavity. For
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open cavities, it has been shown that for certain combinations of upstream flow
conditions (including Reynolds number and boundary layer parameters) and
cavity length, a feedback resonance mechanism is observed in the shear layer, as
described in detail in the literature review.

•

Reynolds number
Reynolds number also affects the flow in the cavity. In all of the studies reviewed
in the previous sections, dimensionless velocity fluctuations and Reynolds stress
components were found to increase with increasing Reynolds number, and
towards the downstream wall. For a given state of boundary layer (laminar or
turbulent), the growth of the shear layer has been found to be independent of
Reynolds number in most studies, and follow a linear trend with increasing
distance from the upstream edge of the cavity. The size and position of the
vortices inside the cavity is also affected by Reynolds number. While a distinct
secondary recirculation zone is observed near the upstream wall at lower
Reynolds numbers, for cavities exposed to turbulent boundary layer the primary
recirculation zone grows and the secondary recirculation zone diminishes in size
as Reynolds number increases.

The review presented in this chapter indicates that the physics of the flow associated with
elliptical cavities has not been completely determined, because of the limited number of
previous studies in this area. The gaps in the knowledge on the flow associated with
elliptical cavities, have been described in Chapter 1, and form a basis for definition of the
hypotheses and objectives of the present research.
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3 Numerical Simulation
3.1

Introduction

In recent years, the use of Computational Fluid Dynamics (CFD) codes for flow
simulation and related calculations has increased significantly. Numerical simulations
help researchers to understand more details regarding the flow field. Different techniques
(including different turbulence modeling methods, steady/unsteady, wall functions, etc.)
are being used for these simulations according to the nature of the flow, its complexity
and the computational resources. As was explained in section 2.9, cavity flow simulations
have been carried out since the 1960s, with the main focus being on rectangular cavities.
In this chapter, the governing equations of fluid flow and the turbulence models are
introduced. Then, the computational domain, boundary conditions and computational grid
are explained. These sections are followed by a description of the computational
implementation chosen in this study.

3.2

Governing Equations

Computational Fluid Dynamics (CFD) is based on the fundamental governing equations
of fluid dynamics, including the continuity, momentum, and energy equations. The
energy conservation equation is only solved for flows involving heat transfer. Otherwise,
only mass and momentum conservation (Navier-Stokes) equations are solved.
As mentioned in Chapter 2, Direct Numerical Simulation (DNS), with no requirement for
turbulence modeling would be the best approach to simulate the flow. However, in the
case of complex geometries and high Reynolds number turbulent flows, due to the
computational cost, time-dependent direct solution of the Navier-Stokes equation is not
feasible. There are two main methods which do not require the direct simulation of the
small scale turbulent fluctuations. These methods are: Large Eddy Simulation (LES) and
Reynolds Averaged Navier-Stokes (RANS). Statistically unsteady (or non-stationary)
flows can be treated using RANS method. This is sometimes referred to as URANS.
There is nothing inherent in Reynolds averaging to preclude the use of RANS models for
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unsteady flows, but the turbulence models used to close the equations are valid only as
long as the time over which changes in the mean occur is large compared to the time
scales of the turbulent motion. All of the above mentioned methods introduce additional
terms in the governing equations that need to be modeled in order to achieve a closure for
the unknowns [75].
In the LES method, large eddies are resolved in a time-dependent simulation using the
filtered Navier-Stokes equations. Filtering means removing eddies that are smaller than
the size of the filter, which is usually taken as the mesh size. Since large scale motions
are generally more energetic and effective than the small scale ones, this kind of
approach make sense. Due to the mesh size and the number of cells (especially in near
wall regions), LES for high Reynolds number flows requires a significant amount of
computational resources [75].
In Reynolds averaged approaches to turbulence, all of the unsteadiness is averaged out
and the nonlinearity of the Navier-Stokes equations gives rise to terms that must be
modeled. Therefore, this method greatly reduces the required computational resources
and is a proper approach for applications in which the fine spatial and temporal scales
related to turbulence are not required to be resolved. In this method, each variable in the
Navier-Stokes equations is divided to time-averaged and fluctuation components. For the
velocity components:

u i = u i + u i′

(3-1)

where u i is the mean and ui′ is the fluctuating velocity component.
By substituting all of the variables into the instantaneous continuity and momentum
equations for incompressible flow and taking an ensemble average (represented by the
overbar), they can be written as:

∂u i
=0
∂xi

(3-2)
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  ∂u
∂u
∂
(u i ) + ∂ (u i u j ) = − 1 ∂p + ∂ ν  i + j
∂t
∂x j
ρ ∂xi ∂x j   ∂x j ∂xi


 + ∂ − u i′u ′j
 ∂x
j


(

)

(3-3)

These equations are called the Reynolds Averaged Navier-Stokes (RANS) equations. The
variables in these equations represent ensemble averaged values, however, an additional
term, which represents the effect of turbulence, appears in the equations. This term,
which is known as the Reynolds stress ( − ρ u i′u ′j ), must be modeled in order to close the
equations [76]. A simple method is that the effect of turbulence can be represented as an
increased viscosity. This approach is called Boussinesq hypothesis or the eddy viscosity
model:
 ∂u
∂u j
− ρ u i′u ′j = µ t  i +
 ∂x
 j ∂xi

 2
 − ρδ ij k
 3


(3-4)

where µ t is the turbulence viscosity and k is the turbulence kinetic energy which can be
calculated from:
k=

1
u i′u i′
2

(3-5)

The Boussinesq hypothesis is used in the Spalart-Allmaras model [77], k-ε models [78],
and k-ω models [79]. The disadvantage of this approach is that it assumes µ t is an
isotropic scalar quantity resembling a fluid property, which is not strictly true, since it
depends on the local turbulence velocity and length scales. In three-dimensional flows,
the Reynolds stress and strain rate will not be related in such a simple way. Both
measurements and simulations show that µ t becomes a tensor quantity and is no longer a
scalar [76].
The alternative approach, used in the Reynolds Stress Model (RSM), is to solve transport
equations for each of the terms in the Reynolds stress tensor [75]. The exact transport
equations for the transport of the Reynolds stresses, − ρ u i′u ′j , may be written as follows:
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Fij ≡ Production by System Rotation

φij ≡ Pressure Strain

εij ≡ Dissipation

S user
{
User − Defined Source Term

(3-6)

Of the various terms in these exact equations, Cij, DL,ij, Pij, and Fij do not require any
modeling. However, DT,ij, Gij, φij , and εij need to be modeled to close the equations:
•

DT,ij is turbulent diffusive transport term and can be approximated by Daly and
Harlow’s generalized gradient-diffusion hypothesis [80]:

DT ,ij =

∂
∂x k

 k u ′k u ′ l ∂u i′u ′j
C
 s ε
∂xl







(3-7)

This equation can result in numerical instabilities, so it has been simplified as
follows:

DT ,ij =

∂
∂x k

 µ t ∂u i′u ′j

 σ k ∂x k







(3-8)

By applying Equation 3-8 to the case of a planar homogeneous shear flow, a value
of σ k = 0.82 is derived [81]. µ t is computed using the following equation:

µ t = ρC µ

k2

ε

(3-9)

and C µ = 0.09 , which is an empirical constant specified in the turbulence model
[76].
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•

The production terms due to buoyancy, Gij, are modeled as

Gij = −

µt
ρ Prt

 ∂ρ
∂ρ 
 gi
+gj
 ∂x j
∂xi 


(3-10)

where Prt is the turbulent Prandtl number, which is a non-dimensional term
defined as the ratio between the momentum eddy diffusivity and the heat transfer
diffusivity. From experimental data, Prt ranges from 0.7 to 0.9 depending on
the Prandtl number of the fluid and has an average value of 0.85 [82] which is
used for this equation. So, this value is used for Prt in Equation 3-10 and gi is the
component of the gravitational vector in the ith direction.
•

φij , which is the pressure strain component can be calculated from:
φij = −C1 ρ

ε
2
2



u i′u ′j − δ ij k  − C 2 ( Pij + Fij + Gij − C ij ) − δ ij ( P + G − C )
k

3



3





32

ε
3
3
 k
+ C1′  u ′k u m′ nk n m δ ij − u i′u ′k n j nk − u ′j u k′ ni n k 
k
2
2
 C l εd
+ C 2′

32
3
3
 k
 φ km , 2 n k n m δ ij − φ ik , 2 n j n k − φ jk , 2 ni n k 
k
2
2
 C l εd

ε

(3-11)

where Pij, Fij, Gij, and Cij are defined in Equation 3-6 and P =

1
1
Pkk , G = G kk ,
2
2

C µ3 4
1
and C = C kk . C l =
( κ = the von Kármán constant = 0.4187) and C1 = 1.8,
2
κ
C2 = 0.6, C1′ = 0.5, and C 2′ = 0.3 are model constants [83] and [84]. When the
RSM is applied to near-wall flows using the enhanced wall treatment these
constants will be different since they become functions of the Reynolds stress
invariants and the turbulent Reynolds number.
•

The dissipation rate, εij, is modeled as:

61

2
3




ε ij = δ ij  ρε +

2 ρεk 

a2 

(3-12)

where a is the speed of sound and the scalar dissipation rate, ε, is computed with a
model transport equation [75].
Also, it should be mentioned that the presence of walls considerably affects turbulent
flows. The reason is that the tangential velocity fluctuations are reduced due to viscous
damping and the normal fluctuations are reduced due to kinematic blocking very close to
the wall. In addition, the turbulence is rapidly increased by the production of turbulence
kinetic energy due to the large gradients in mean velocity. Therefore, consideration needs
to be given to make turbulence models suitable for wall bounded flows.
The near-wall region consists of three layers. The closest region to the wall is called the
viscous sublayer, where the flow can be considered laminar and viscosity affects
momentum and heat or mass transfer. The outer layer which is affected by turbulence is
called the fully turbulent layer and the third layer is the interim region which is affected
by both viscosity and turbulence (Figure 3-1).

Figure 3-1 Typical velocity distribution in turbulent flow near a wall
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There are two important dimensionless groups which are u + =

where u* is friction velocity and equal to

ρu y
u
and y + = * ,
u*
µ

τw
[83]. In the viscous sublayer, these two
ρ

quantities have a linear relationship:
u+ = y+

(3-13)

while, for the outer layer ( y + > 30 ) the velocity variation with y can be fit by a
logarithmic expression:

u+ =

1

κ

ln( y + ) + B

(3-14)

where κ = 0.4187 and B is a constant and different values for it can be found from the
literature [83]-[87]. This equation is valid for all turbulent flows past smooth walls at
high Reynolds number. Figure 3-2 shows the close agreement between experimental data
and semi-empirical equations 3-13 and 3-14.

Figure 3-2 The turbulent boundary layer (adapted from ref. [75])

There are two methods to model the near-wall region. In the first approach, turbulence
models are modified to be able to resolve the viscosity affected region with a very fine
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mesh near the walls, which is called near-wall modeling. In the other approach the nearwall region is not resolved and semi-empirical formulae are used to bridge over the
viscous sub-layer, between the wall and the fully-turbulent region (Figure 3-3). This
approach is called wall function modeling. The wall function approach, especially for
high Reynolds number flows, is a practical option because it not only saves the
computational cost, but also is robust and maintains the physical properties of the viscous
sub-layer through the empirical function [75]. There are three different wall function
approaches:

•

Standard wall functions

•

Non-equilibrium wall functions

•

Enhanced wall treatment

Figure 3-3 Near-wall treatments (adapted from ref. [75])

The standard wall functions work well for many cases, unless the flow situations are too
different from the derivation assumptions, such as the local equilibrium hypotheses,
which means the production of k and its dissipation rate are assumed to be equal in the
wall-adjacent control volume and the first grid point should be within the logarithmic
region (Figure 3-2), i.e. when y + > 30 [76]. Therefore, in the case of flows with high
pressure gradients and non-equilibrium conditions this model is not so useful.
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For complex flow phenomena such as separation, reattachment, and impingement, where
high pressure gradients occur, the two-layer-based, non-equilibrium wall functions are
recommended [88]. In such flows, improvements can be obtained, especially in the
prediction of wall shear (skin friction coefficient). Considering the dominance of the
above-mentioned flow phenomena in the flow in the elliptical cavity, the two-layer-based
non-equilibrium wall functions are the most adequate wall treatment approach for
simulation of flow in the cavity. Comparison of the results of the simulations involving
this approach with previously published experimental results, which is presented in
section 3.7, confirms that this approach is appropriate for the flow under investigation in
the present study.
Sometimes, the flow conditions are greatly different from the ideal condition assumptions
which are used for these two models (such as severe pressure gradients leading to
boundary layer separations and high three-dimensionality in the near-wall region, as in
the case as Ekman spiral flow and strongly skewed boundary layers). In these cases, the
near-wall modeling approach should be combined with adequate mesh resolution and
enhanced wall treatment.
Enhanced wall treatment is a combination of the two-layer model with enhanced wall
functions. If the near-wall mesh is fine enough ( y + ≈ 1 ), then the enhanced wall
treatment will be identical to the traditional two-layer zonal model. This model is suitable
for cases where a combination of mesh sizes, including coarse meshes (wall function
meshes), fine meshes (low Reynolds number meshes), and intermediate meshes exists
near the walls. As a result of using this approach, the accuracy of the standard two-layer
approach for fine near-wall meshes can be achieved [89]. This approach may also be
adequate for simulation of flow in the elliptical cavity. However, the combination of the
mesh size requirements in this approach, especially in the case of the complex, threedimensional geometry of the cavity, leads to a prohibitively large grid, which would not
be practical for the number of simulations required for multiple combinations of cavity
depth and yaw angle.
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Ideally, a direct numerical simulation to resolve all turbulence scales is the best approach
to any problem, from the point of view of accuracy. However, such a simulation becomes
too costly, when complex geometries and relatively large amounts of turbulence are
involved. It can be shown that the number of grid points in each direction is proportional
to Re 3L 4 , where Re L is the Reynolds number based on the magnitude of the velocity
fluctuations and the integral scale [90]. Therefore, for a three-dimensional unsteady flow,
the cost of a simulation typically scales as Re 3L . For this reason, DNS is possible only at
low Reynolds numbers and this model is not practical for elliptical cavity flow
simulation, hence the RANS method and Reynolds Stress Model (RSM) are used. In the
next sections, the details of the computational domain and grid, boundary conditions, and
the solution parameters will be discussed.

3.3

Computational Domain

The solution domain is bounded by four solid walls representing the wind tunnel test
section, 11.4D in width and 4D in height, where D is the length of the minor axis of the
cavity (53.75mm). These dimensions are equivalent to the experiment of Hering and
Savory which were conducted in the Boundary Layer Wind Tunnel Laboratory (BLWTL)
at the University of Western Ontario [6].
The wind tunnel length is 6.5m (120.8D) and the cavity model was placed a distance of
3.45m downstream of the tunnel working section entrance for a thick, fully-developed
boundary layer to develop. In order to reduce the number of cells and have a higher
resolution inside and around the cavity, the streamwise length is not completely modeled.
In addition, to have the same boundary layer condition, the fully-developed experimental
profiles are defined at the inlet which will be explained in detail in section 3.5. The
domain extended 5D upstream and 15D downstream as shown in Figure 3-4.
The geometric model consists of an elliptical cavity located inside the test section. The
cavity has a 2:1 ratio of major axis to minor axis length. The modeled cavity depth to the
minor axis length ratios (h/D) are 0.1, 0.2, 0.35, 0.5, 0.7, and 1.0. Also, the yaw angles
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are 0, 15, 30, 45, 60, and 90 degrees, where 0o represents the minor axis parallel to the
boundary layer flow direction.

Velocity
inlet

5D

Wall
Wall

4.7D

Wall
Wall

15D

Pressure
outlet

4D

Figure 3-4 Geometry and boundary types

3.4

Computational Grid

A structured mesh consisting of hexahedral shaped cells has been used for discretization
of the solution domain. In order to have a better control on the mesh size in important
areas, the computational domain is divided to several sub-volumes. The resulting solution
grid is shown in Figure 3-5. A similar grid structure is used for all cavity depths and the
only difference among the grids for the different cavity depths are the cell aspect ratios in
the interior of the cavity.
The choice of grid may influence the accuracy and convergence of a solution. Although a
finer mesh usually gives a more accurate solution, it increases the computational cost.
Therefore, an optimum number of cells should be chosen to achieve accurate results
within a reasonable computational cost. In the meantime, the grid should be fine enough
so that the results can be considered independent of the mesh size.
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Figure 3-5 Computational grid in the cavity and the surroundings

Independence of the numerical results from the grid size was checked by comparing the
pressure coefficient on the centreline of the cavity base, and also the profiles of u /U inf
2
and u ′u ′ /U inf
on a vertical line located at the centre of the cavity, based on solutions with

various numbers of cells. The grid independence criterion was considered to be a less
than 2.5% variation in above mentioned profiles as a result of the change in grid size.
Multiple simulations were carried out, in which the number of cells was increased in
150,000 cell increments. The results of this comparison are presented in Table 3-1. Since
the changes in the selected parameters were less than the 2.5% criterion for grids finer
than 800,000 cells, this number of cells was chosen for the numerical simulations. The
2
centreline Cp, u /U inf , and u ′u ′ /U inf
profiles are shown in Figure 3-6.

Table 3-1 Variations of selected parameters with the number of cells

Average absoloute variation
Parameter
650,000 to 800,000 cells

800,000 to 950,000 cells

Cp

8.4%

2.3%

u /U inf

1.5%

1.0%

2
u ′u ′ /U inf

3.3%

1.3%
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(a)

(b)

(c)
Figure 3-6 Comparison of Cp (a), u /U inf (b), and u ′u ′ /U inf2 (c) for three different numbers of cells

3.5

Boundary Conditions

The solution domain is defined by the following boundaries, as shown in Figure 3-4:

•

Four solid walls representing the wind tunnel test section (as described in the
section 3.3). All walls, including the wind tunnel test section and cavity body, are
stationary with the no-slip condition.

•

A velocity inlet point profile based on the actual boundary layer wind tunnel data
of Hering and Savory [6] was used at the velocity inlet boundary. The boundary
layer parameters are mentioned in detail in summary section of the next chapter.
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The following power law curve was fit to the experimental data and was used to
generate the point profile data for the inlet boundary (Figure 3-7):

u
y 1
= ( ) 6.9
U inf
δ

(3-15)

in which Uinf is the free stream velocity (27m/s), and δ is the estimated boundary
layer thickness (59mm). This free stream velocity results in a Reynolds number of
9.1×104, based on the minor axis (D) of the cavity. This curve is similar to the
typical 1/7th power law for a smooth wall turbulent boundary layer [83]. The
details of the boundary layer, including boundary layer thickness (δ),
displacement thickness (δ*), momentum thickness (θ), shape factor (H), skin
friction (Cf) , and friction velocity (u*), are presented in the summary section of
Chapter 4.

Figure 3-7 Boundary layer velocity profile at the inlet

•

In order to have similar turbulent component profiles to the measurements in the
experiment, point profiles for Reynolds stress components, turbulence kinetic
energy (k), and dissipation rate (ε) are used at the inlet.
For the Reynolds stress components, the experimental values measured by Hering
[6] were used (Figure 3-8). While these measurements were for the half of the
tunnel height, these profiles are mirrored to cover the whole height. It is assumed
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that the Reynold stress components in the y and z directions are similar, therefore:

w' w' = v' v' . Also, as these stresses arise due to shear and there is only shear in y
direction through the boundary layer, it can be assumed that u ' w' = v' w' =0.

(a)

(b)

(c)
Figure 3-8 Dimensionless u 'u ' (a), v'v' (b), and u 'v ' (c) Reynolds stress profiles at the inlet

For the turbulence kinetic energy (k) inlet profile, Equation 3-5 is used and the
dissipation rate (ε) is determined from the following relationship [91]:
3/ 4

ε = Cµ

k 3/ 2
l

(3-16)
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where Cµ = 0.09, and l is the turbulence length scale. For wall-bounded flows in
which the inlets involve a turbulent boundary layer, the recommended value for
length scale is l = 0.4δ , in which δ is the thickness of the boundary layer [75]. In
the experiments by Hering [58], the thickness of the boundary layer upstream of
the cavity is 0.06m, which results in a value of 0.024m for the turbulence length
scale. The inlet profiles for k and ε are shown in Figure 3-9.

(a)

(b)

Figure 3-9 Turbulence kinetic energy (k) (a) and Turbulence dissipation rate (ε) (b) at the inlet

•

A pressure outlet boundary condition was defined for the wind tunnel outlet. This
boundary condition allows the static pressure at outlet to be defined and also if
backflow occurs during iteration, pressure outlet boundary condition results in a
better rate of convergence [75].

3.6

Solution Parameters

The governing equations, which were described in section 3.2, are numerically solved
using the steady state three-dimensional segregated implicit solver available in FLUENT
6.3. As was discussed previously in section 2.9, some researchers ([50] and [71]-[73])
have previously shown (taking into consideration the cost, time of computation and
required computational resources) that although a steady state solver cannot capture the
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transient terms and fluctuations, it is still able to predict the principal flow phenomena
and the mean flow characteristics.
Due to the shear layer separation at the leading edge of the cavity and the non-isotropic
turbulence in the experiments, a turbulence model capable of capturing shear layer
separation and individual Reynolds stress components is required. Hence the 7-equation
Reynolds Stress Model (RSM) is chosen.
As mentioned before, considering the flow behaviour inside the cavity, non-equilibrium
wall functions were the most suitable wall function and they were chosen for these
numerical simulations.
Reduction of the global residual of the solution of all the governing equations to the order
of 10-6 was selected as the convergence criterion and the discretisation scheme was
second order upwind.
For the present work different numerical models, including different grids, domain sizes
(upstream and downstream), turbulence intensities, inlet profiles and wall functions and
Reynolds Stress Model parameters, were tested and the best numerical model was
chosen.

3.7

Validation of the Results of Numerical Simulations

In other to validate the numerical results, Cp contours on cavity walls and around the
cavity, and quantitative values of Cp on the centreline of the cavity base, were compared
to Hering’s experimental data [58]. This comparison has been conducted for different
combinations of yaw angle and cavity depth, Here, the results of this comparison for
selected cases will be presented. The results for several other combinations can be found
in Chapter 5.
Figure 3-10 shows the comparison of experimental measurements and numerical
simulation results for Cp profiles on the centreline of the cavity base. The results are
presented for three different cavity depths, which include deep cavity (h/D = 1.0),
intermediate-depth cavity (h/D = 0.5), and shallow cavity (h/D = 0.1), at two different
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yaw angles of 0° and 90°. The profiles based on experimental and numerical results
follow similar trends for all cases, and the values of Cp at most of the points are close.

(a)

(b)

Figure 3-10 Comparison of Cp profiles on the centreline of the cavity base
for three different h/D ratios at yaw angles of 0° (a) and 90° (b)

The quantitative comparison of these profiles is presented in Table 3-2. The results
indicate a maximum of 5% average difference between numerical simulations and
experimental data for Cp, which can be considered as a reasonable agreement between the
results.
Table 3-2 Quantitative comparison of Cp values obtained by
numerical simulations and experimental data

Yaw angle

0°

90°

h/D

0.1

0.5

1.0

0.1

0.5

1.0

Average absoloute difference
between numerical simulation and
experimental results for Cp (%)

4.9

3.8

1.9

4.0

3.2

3.8

As an overall representation of numerical and experimental results in comparison,
contours of Cp on cavity side walls and the area around the cavity for h/D = 1.0 at 0° yaw

74

angle are shown in Figure 3-11. This figure indicates that the contour shapes and levels
are similar for both methods. A more detailed quantitative and qualitative comparative
evaluation of the experimental and numerical results, which includes velocity profiles,
Reynolds stress profiles, and vortex core position inside the cavity, will be presented in
Chapter 5.

(a)

(b)

Figure 3-11 Cp contours on cavity walls and around the cavity for h/D =1.0 at 0°
yaw angle based on numerical simulation (a) and experimental results [58] (b)

3.8

Summary

In this chapter, details of the numerical simulation settings and procedure were presented.
The governing equations and treatment of turbulence in the Reynolds-Averaged NavierStokes (RANS) approach were explained, followed by detailed discussion of near-wall
treatment approaches relevant to the cavity flow problem. The set-up and discretization
of the computational domain based on the considerations and restrictions imposed by the
numerical model were explained. The main specifications of the numerical simulations
are as follow:
•

The grid was generated using Gambit. The exact dimensions of the wind
tunnel test section and the model of the elliptical cavity with an aspect ratio of
2:1 was generated and proper boundary conditions were chosen.
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•

Grid independence was checked by comparison of pressure coefficients,
velocities, and shear stress components.

•

The flow inside and around the cavity was simulated using FLUENT

•

The segregated implicit solver was used for three-dimensional steady state
simulations. 2nd order spatial discretization was applied.

•

Reynolds Stress Model and non-equilibrium wall functions were used for
turbulence treatment.

•

At the inlet, the velocity profile, turbulent kinetic energy, dissipation rate, and
Reynolds stress components were matched to the conditions of the wind
tunnel experiments reported in [6] and [58]. The details of these profiles are
presented in the summary section of Chapter 4.

•

Different combinations of cavity depth and yaw angle, including h/D = 0.1,
0.2, 0.35, 0.5, 0.7, and 1.0 at yaw angles of 0, 15, 30, 45, 60, and 90 degrees
were simulated.

•

The results of the numerical simulations were validated through quantitative
and qualitative comparison with the experimental data by Hering [58]. These
comparisons showed a good qualitative agreement, with a maximum average
difference of 5% in Cp values, between two sets of data.

More results of the numerical simulations and additional quantitative and qualitative
comparison of the data will be presented in Chapter 5.
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4 Experimental Methodology
4.1

Introduction

This chapter describes the experimental facilities and measurement equipment and
methods, as well as experimental setup, used to obtain the data presented in the next
chapter. Also, the uncertainties of these methods and equipment are presented. The model
components, design considerations, and manufacturing challenges to obtain the proper
boundary layer profile and the best optical quality are explained. The main constraint in
designing the model dimensions and boundary layer thickness was to generate the
experimental conditions as close as possible to those of Hering [58] in order to obtain
comparable results.

4.2

Wind Tunnel

The wind tunnel used for the present experiments was a suction type open loop tunnel in
the Boundary Layer Wind Tunnel Lab (BLWTL) of the University of Western Ontario.
The test section dimensions were 0.45m×0.46m×1.5m with an adjustable roof. A
schematic representation of the wind tunnel is shown in Figure 4-1. There were a
honeycomb and a fine grid mesh at the inlet of the tunnel to straighten the incoming flow
and reduce free-stream turbulence. After the diffuser, there was a 9-blade, 0.8m diameter
fan which was powered by a hydraulic motor. An almost uniform free stream was shown
across the test section using hot wire anemometry within the 1% measurement
uncertainty in previous experiments [92]. The maximum sustainable free stream speed of
the tunnel was 20m/s and the turbulence intensity was 2%.
It should be mentioned that this tunnel was not the same wind tunnel which was used by
Hering [58], due to the limited optical access to the test section of that tunnel. The lower
surface of the test section of the current tunnel is made of glass, as well as two side
windows. Therefore, the optical access through two transparent perpendicular surfaces,
which is an essential condition for particle image velocimetry (PIV) measurements, was
made possible by this tunnel.
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Figure 4-1 Schematic representation of the wind tunnel [92]

4.3

Model Specifications

The model consisted of a circular ground plate at the centre of which the cavity is
located, a base plate, a trailing edge flap, and eight support legs (Figure 4-2). All model
components were made of acrylic due to its ease of manufacturing to obtain the required
transparency for PIV measurements.

Flow
Ground
plate

0.56m
y
z

Pressure
taps

1.30m

Base
plate

x
Flap
0.46m

Support
legs

Cavity

Figure 4-2 Schematic representation of the model
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The dimensions and design considerations of each of these components are as follows (all
drawings can be found in Appendix A):

•

Ground plate and cavity

The ground plate was a circular shaped plate with a 2:1 aspect ratio elliptical cavity in the
centre. The plane diameter was 20cm and the cavity minor axis and its depth were both
7.25cm. The cavity depth could be changed by stacking elliptical solid cylinders made of
acrylic, with various heights inside the cavity. The reason this cavity size was chosen is
to obtain the same Reynolds number, based on the minor axis (D) of the cavity (9.1×104)
as the experiments of Hering [58] at the maximum velocity of the tunnel (20m/s). Also,
these cavity dimensions allowed a distance of 19cm (2.6D) from the test section side
walls to reduce the wall effect on the cavity flow. The ground plate had a step-shaped
circumference, which could be flush-mounted inside the base plate while the cavity yaw
angle could be adjusted to 0, 15, 30, 45, 60, and 90 degrees (Figure 4-3).

Figure 4-3 Cavity model and ground plate

For changing the cavity depth two different elliptical solid cylinders were used. The
elliptical section of the cylinders was made slightly smaller than the cavity to make it
possible for them to be slid inside the cavity and at the same time fit in the cavity
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properly without any noticeable gap. The height of the cylinders were 2.18cm and
3.63cm to obtain h/D = 0.7 and 0.5 respectively. Those cylinders were completely
transparent to provide the optimum optical access for the measurements. Due to the
optical blockage of the side view of the cavity by the ground and base plates it was not
possible to do the PIV measurements for shallower cavities.

•

Base plate

The base plate was a flat plate with a semi-elliptical shaped leading edge. The aspect ratio
was 8:1 and the chord of the elliptical section was 5cm. This configuration was chosen to
prevent flow separation at the leading edge [93]. The plate dimensions were
116cm×46cm×1.27cm (including leading edge). The leading edge upper surface was
covered with a 50D grit garnet paper strip (Figure 4-4). This surface roughness forces the
boundary layer to transition to turbulence [94]. To check the flow attachment on the
surface for each yaw angle, which leads to a different blockage ratio on the bottom side
of the plate, the pressure distribution was measured in the streamwise and spanwise
directions using nine and seven pressure taps (brass tubing), respectively. The pressure
taps had an inner diameter of 0.8mm and an outer diameter of 1.2mm and the spacing
between them was 50mm.

Figure 4-4 Leading edge shape and surface roughness
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At the centre of the plate, 0.5m downstream, there was a circular opening with a stepshaped circumference, into which the ground plate is fitted. The reason this opening was
located at the centre of the base plate was that a proper distance upstream the cavity was
needed to obtain a developed thick boundary layer profile and also the cavity should be at
a distance from the trailing edge so that the wake of the cavity was not affected by the
trailing edge proximity.

•

Support legs

The base plate was positioned on four pairs of support legs (Figure 4-5). This number of
legs was chosen to minimize the base plate deflection due to its weight. The following
formula gives the maximum deflection at the centre of a rectangular plate simply
supported at its four corners [95]:
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where, [w]0, 0 is the maximum deflection at the centre of the plate, b and a are half of the
width and the length of the plate respectively, E is the modulus of elasticity, h is the plate
thickness, q is the intensity of uniformly distributed load, and µ is Poisson’s ratio.
Considering the spacing of 0.4m between each two sets of legs, the maximum deflection
at the centre of the plate due to self weight is 0.2mm. It should be mentioned that this
equation is for a simply supported plate, therefore it overestimates the deflection since the
support legs of the model are glued to the base plate. The first pair of legs was located
0.15m downstream from the leading edge, therefore they did not interfere with the flow
and their cross-section was chosen in a way to reduce the flow separation and wake
effects with 40o chamfered edge in front and aft. The height of the legs was 0.15m which
allowed the cavity to be mounted inside the base plate and also a 0.3m (4D) distance
from the cavity lip to the test section roof minimized any flow interference due to the
wall effects.
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Figure 4-5 Support leg

•

Trailing edge flap

Due to the presence of the cavity model and the resultant blockage and also the location
of the base plate which was closer to the ground than the roof, flow circulated around the
plate. In order to get a well-attached flow on the upper surface of the base plate, a flap
with a sharp trailing edge was used at the downstream end, which could be raised to
balance the blockage between two sides of the plate and control the attachment line on
the leading edge [96]. The flap chord ratio compared to the plate length varied between
9.6%-12.0% in similar experiments [94]-[98]. The flap chord was 15cm which was a
chord ratio of 11.5%. The flap was attached to the base plate with two hinges at the two
ends (Figure 4-6).
To achieve the same attached flow for all cavity yaw angles (different blockages), a
series of experiments were performed and a range of flap angles were tested for each yaw
angle. In each combination of yaw angle and flap angles, the streamwise and spanwise
pressure distributions were measured. To obtain the same plate pressure distribution
upstream of the cavity, the flap angle varied between 7o- 15o for the smallest (yaw angle
= 90o) and largest blockage (yaw angle = 0o), respectively. Figure 4-7 illustrates the CP
distribution in both directions for the final combination of yaw and flap angles (α). Mean
pressure coefficient (CP) values were calculated by applying the following equation:
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Cp =

P − Pstatic
Pdynamic

(4-2)

where P is the mean pressure at the point for which the pressure coefficient is being
calculated. Details of the pressure measurement process and the location of Pstatic
measurements are explained in section 4.5. It should be mentioned that in part (a) of this
figure x ′ /D shows the streamwise distance from the plate leading edge.

Figure 4-6 Trailing edge flap

(a)

(b)

Figure 4-7 Plate surface pressure coefficient upstream of the cavity in streamwise (a) and
spanwise directions (b) for different combinations of yaw angle and the flap angle (α)
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•

Roughness elements

In order to generate experimental conditions similar to those of Hering [58] the same ReD
(Reynolds number, based on the minor axis length) and ratio between the thickness of the
boundary layer upstream of the cavity and the length of the major axis (δ/D) should be
established.
The nominal maximum velocity was 20m/s but at that velocity, tunnel flow was not
steady. Therefore the experiments were carried out at the wind tunnel velocity of
18.3m/s, resulting in ReD = 8.7×104. This Reynolds number is slightly less than that of
Hering and Savory’s experiments (9.1×104), but of the same order of magnitude.
Also, the δ/D ratio was 1.08 in Hering’s experiments. To achieve the same ratio in the
present experiments, a boundary layer thickness (δ) of 7.8cm must be established at the
upstream lip of the cavity. The natural turbulent boundary layer thickness at the cavity
position, which was located 50cm downstream the flat plate leading edge, can be
estimated using the following formula [87]:

δ = 0.37 x Re −x 0.2

(4-3)

δ is equal to 1.3cm, which is comparable with the boundary layer thickness of 1.6cm
obtained based on the PIV experiments (Figure 4-8-(a)). Details of the PIV measurement
are explained in section 4.6. The actual boundary layer was slightly thicker than predicted
by Equation 4-3, possibly due to the garnet paper at the leading edge. The free stream
turbulence intensity was around 2% (Figure 4-8-(b)). However, this value is larger than
the 1% value which was reported by Bailey [92]. This difference is possibly due to
deterioration of flow quality in the tunnel over time.
A well-known approach for thickening the boundary layer is to use two- and threedimensional surface obstacles or roughness elements [99]. The height and location of
surface obstacles should be chosen considering the fact the cavity should not be affected
by the recirculation region generated by the roughness elements. The downstream
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recirculation region varies from 11-15 times the roughness element height, and it is
affected by the depth of immersion of the obstacle into the boundary layer [100].

(a)

(b)

Figure 4-8 Velocity Profiles 1cm upstream of the cavity lip

Several combinations of different two- and three-dimensional roughness elements were
used to find the best arrangement for the well-developed velocity profile with the proper
boundary layer thickness at the upstream lip of the cavity. Two-dimensional obstacles
with heights of 1.1, 0.8, 0.6 and 0.3cm were used, all of which had a width of 0.1cm.
Hexagonal nuts with 0.5cm height were used as three-dimensional roughness elements.
(Figure 4-9).

(a)

(b)
Figure 4-9 Two and three-dimensional obstacles
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The first approach for thickening the boundary layer was attaching one, two or three
obstacles (descending in height) on the base plate. The first obstacle was attached to the
surface immediately downstream of the garnet paper, and the next two were attached at
equal intervals of 11cm (Figure 4-9-(a)). The results (Figure 4-10) showed the following
points:
•

The boundary layer became thicker when the first obstacle was taller.

•

The boundary layer was strongly affected by the height of the first obstacle
height, whereas adding the shorter second and third obstacles did not change the
velocity and turbulence intensity profiles significantly.

•

Increasing the height of the first obstacle, led to deviation of the velocity profile
from the power law velocity profile for the same turbulent boundary layer
thickness (Figure 4-10-(b)). The reason for this was that the distance from the
leading edge to the cavity lip was not long enough for velocity profile to become
well-developed.

•

Although the velocity profile was not changed very much by adding the second
and third obstacles, adding them caused the velocity profile to deviate even
further from that of a well-developed turbulent boundary layer.

The second approach was adding randomly placed nuts upstream and downstream of the
cavity (Figure 4-9-(b)), and also combining them with 1.1 and 0.6cm obstacles
immediately after the garnet paper. In all three cases, adding the nuts led to profiles with
a smaller velocity gradient compared to the cases where nuts were not used (Figure 4-10(a)).
Comparison of the results to those previously published in the literature, indicates that the
same trend has been observed for velocity profiles downstream of a bluff plate (fence)
with a splitter plate [101], rows of square plates [102], backward facing step [62], and
two-dimensional obstacles [100] and [103]. Figure 4-11 shows velocity profiles
downstream of a two-dimensional obstacle which are comparable to Figure 4-10-(b).
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(a)

(b)
Figure 4-10 Velocity profiles comparison

Figure 4-11 Velocity profiles downstream a two-dimensional obstacle, solid line
shows experimental data and dashed line shows the power law profile [103]

It was concluded that the only solution to achieve a well-developed velocity profile of the
desired thickness was a longer upstream length, which was not possible due to the limited
length of the test section of the tunnel. Therefore, the combination that generated a
velocity profile that best fitted the power law profile was chosen, although the boundary
layer thickness was less than the value of 7.8cm, which was required to achieve the same
δ/D = 1.08 as Hering’s experiments. The chosen velocity profile was obtained
downstream of an obstacle of 0.6cm height, with a 4.35cm boundary layer thickness. The
boundary layer parameters are explained in the next section.
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4.4

Boundary Layer

To have a proper boundary layer profile at the cavity location, two criteria should be met:
1. How closely the boundary layer profile matches that of a fully developed
turbulent boundary layer
2. If the boundary layer can be considered as being two-dimensional (i.e. the
same boundary layer profile at all spanwise locations)
One of the approaches to verify that the profile can be considered as a fully developed
turbulent boundary layer over a flat plate, is matching of the friction velocity ( u* )
extracted from the experimental boundary layer data with that from the Law of the Wall
approximation. Based on the experimental boundary layer data u* can be calculated
using the following equation [85]:

u* =

τw
ρ

(4-4)

where, τ w is the maximum wall shear stress measured in the region near the surface and
equal to − ρ u ′v ′ and ρ is the density of the air. Therefore, u* = − u ′v ′ .
In order to determine the value of u* in the law of the wall formula, the experimental
boundary layer velocity profile should be plotted in comparison with the Law of the Wall
formula (Equation 4-5) [86]. Different values of u* in the law of the wall formula lead to
different relative positions of the experimental profile and the law of the wall profile.
There exists a u* value which causes the two profiles to match (Figure 4-12). If this value
of u* matches the experimental value obtained using Equation 4-4, then the measured
boundary layer profile can be considered as an empirical flat-plate turbulent boundary
layer profile.

u y
u
= 5.85 log * + 5.56
u*
ν

(4-5)
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Figure 4-12 Comparison of the measured turbulent boundary layer data to the law of the wall

According to the calculations, the difference between these two values of u* is 4.9%
which is within acceptable range and the profile can be considered as a fully developed
turbulent boundary layer. Other parameters of the boundary layer are presented in Table
4-1. The value of shape factor (H) is within the acceptable range for turbulent boundary
layers [104] and [105].
The spanwise uniformity of the velocity profile was also checked. To do so, the
measurements were carried out at seven parallel vertical planes upstream of the cavity lip,
with a spanwise spacing of 50mm. The fourth plane was located in the centre of the plate
(z/D = 0). The comparison of results showed that the velocity profile was similar at all
spanwise locations. Figure 4-13 shows the comparison of dimensionless velocity and

u ′v ′ profiles, 10mm upstream of the cavity lip. This figure shows similar profiles in the
spanwise direction upstream of the cavity. The results presented in this section indicate
that the flow upstream of the cavity includes a fully developed turbulent boundary layer
with adequate spanwise uniformity, which meets both of the criteria mentioned at the
beginning of this section.
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Table 4-1 Boundary layer parameters

Parameter

Value

Freestream velocity (Uinf)

18.3 m/s

Boundary layer thickness (δ)

43.5 mm

Displacement thickness (δ*)

4.55 mm

Momentum thickness (θ)

3.03 mm

Shape factor (H)

1.5

Wall shear stress ( τ w )

0.66 Pa

Skin friction coefficient ( C f )

0.0035

Dimensionless friction velocity ( u* /Uinf) measured from wall shear stress

4.04×10-2

Dimensionless friction velocity ( u* /Uinf) from law of the wall

4.26×10-2

Difference in friction velocity measures

(a)

4.9%

(b)

Figure 4-13 Comparison of dimensionless u profiles (a) and u ′v′
profiles (b) at seven upstream spanwise locations
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4.5

Pressure Measurement Equipment

For pressure measurement via pressure taps on the base plate, 15 linear differential
pressure transducers were used. These pressure transducers were Honeywell
DC001NDR4 and capable of measuring differential pressures between ±25mm of water
(±250 Pa). One port of these transducers was connected to the model pressure taps with
#16 PVC tubing and the other port was connected to static pressure port of the pitot-static
tube. Also a pressure transducer with a ±50mm of water range was connected to the static
and total ports of the pitot-static tube to measure the dynamic pressure of the freestream.
The pressure measurement signals were transmitted through a National Instruments SCB68 shielded connector block to a NI PCI-6052 data acquisition card. A LabVIEW code
was used to coordinate between the sensing equipment and data acquisition system.
The pressure transducers were calibrated using a water-filled manometer as a reference.
Nine different values of reference pressure were used to determine a calibration equation
(linear fit) for each transducer. An example of a calibration graph obtained using this
method for ±25 and ±50mm of water pressure transducers can be seen in Figure 4-14.

Figure 4-14 Example calibration curves for pressure transducers

The objective of these experiments was limited to determining the mean values of
pressure at the measurement points, and measurement of possible unsteadiness in
pressures was beyond the scope of the experiments. Considering this, a number of
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combinations of sampling rate and duration were tested, to determine the smallest
number of samples beyond which the variations in mean values were negligible. Based
on the results of these tests, the pressure taps were simultaneously sampled at 100Hz for
10 seconds for each experiment.
Mean pressure coefficient (Cp) values were calculated by using Equation 4-2. Pstatic was
measured at height of 15cm above the base plate, 25cm downstream of beginning of the
test section and a distance of 15cm from the side window. P − Pstatic for each location was
measured by the ±25mm of water gauge pressure transducers and Pdynamic was measured
by the ±50mm of water gauge pressure transducer. The results of these measurements
have been presented in Figure 4-7.

4.6

PIV System

Particle Image Velocimetry (PIV) is a non-intrusive technique which is used to obtain
instantaneous velocity measurements and related flow properties such as turbulent
characteristics of the flow with high spatial resolution.
In PIV measurement, a laser beam is expanded into a light plane using a cylindrical lens,
and a spherical lens is used to compress the plane into a thin sheet. Then some tracer
particles are seeded into the flow. A synchronizer acts as an external trigger for control of
the camera and laser and two consecutive frames are captured within a very short time
interval to obtain the light scattered by the particles from the laser pulses. Velocity vector
fields are obtained by cross-correlating the interrogation window in one image to the
search region in the other image in two dimensions [106].
As shown in Figure 4-15 and Figure 4-16 the PIV measurements were performed using:
•

a CCD camera with resolution of 1600×1200 pixels with a 12 bit dynamic range
operating in double exposure mode,

•

a double pulse Nd-YAG laser with 120 mJ/pulse which generated a laser beam
with a wavelength of 532nm,
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•

a cylindrical lens with a focal length of -15mm to convert the laser beam to a light
plane,

•

different spherical lenses with various focal lengths of 500 or 1000mm, depending
on the distance of the laser optics and the imaging area, to obtain the minimum
thickness of the light plane at the imaging area,

•

a computer equipped with built-in image buffer and timing unit, using TSI
Insight3G software for generation of vectors,

•

a synchronizer, controlled by the computer to dictate the timing of each frame of
the CCD camera's sequence in conjunction with the firing of the laser,

•

A Laskin nozzle particle generator and olive oil to generate aerosol particles with
average diameter of 2 µm to seed the flow. The particles should be small enough
so that response time of the particles to the motion of the fluid is reasonably short
to accurately follow the flow, yet large enough to scatter a significant quantity of
the incident laser light.

The size of the interrogation window was set to 32 × 32 pixels, and a 50% window
overlap was used to increase the number of vectors. Considering the 1600 × 1200 pixel
resolution of the images, an array of 99 × 74 velocity vectors was generated from each
image pair.
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Figure 4-15 Images of the experimental setup, showing the main components: (1) model, (2)
camera, (3) laser, (4) spherical lens, (5) laser beam reflector and cylindrical lens, (6)
synchronizer, (7) imager recording computer

Figure 4-16 schematic Laskin nozzle aerosol generator

94

The ability of seeding particles to follow the fluid flow is characterized by the Stokes
number, which is given by Loth [107] as:

St =

τP
τf

(4-6)

where τ P is the response time of a seeding particle, and τ f is any characteristic time
scale of the fluid flow. When the Stokes number is much smaller than unity, the time
required for the particle to assume the velocity of the fluid is negligible, and the particle
can be assumed to have the same velocity as the fluid at any instance, which is the
desirable case for PIV measurements. When the Stokes number is close to unity, the time
lag between particle velocity and fluid velocity is no longer negligible, and when the
Stokes number is larger than one, the particle velocity will not be affected by flow
fluctuations. In both cases, the particle size is no longer appropriate for PIV
measurements [107].
The response time of the particle is given in [107] as:

τP =

ρPdP2
18µ

(4-7)

where ρ P and d P are density and diameter of the seeding particles, and µ is dynamic

viscosity of air. For the particles used in the present study, which have an average
diameter of 2 µm, and are made of light olive oil with ρ P = 800kg/m3, approximately,
the response time is τ P = 9.0 × 10 −6 sec.
Usually, the Stokes number is determined based on three characteristic time scales: τ fD ,
which is the time scale of macroscopic fluid motion, τ fΛ , which is the time scale of
integral-scale turbulent motions, and τ fλ , which is the time scale associated with
Kolmogorov scale, which is the scale of the smallest structures in a turbulent flow.
The macroscopic time scale can be estimated by the following equation [107]:
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τ fD =

D
uD

(4-8)

where D and u D are the macroscopic characteristic length and velocity of the flow. For
the present study, in which u D = Uinf = 18.3 m/s, and D = 0.0725 m, τ fD = 0.008 sec.
This value leads to a Stokes number of 0.001, which is much smaller than unity,
indicating that the seeding particles can follow the macroscopic fluid motions with
negligible lag.
The integral-scale time scale can be estimated by the following equation [107]:

τ fΛ =

Λ
u rms

(4-9)

where Λ is the integral length scale. According to Piirto et al. [108], for an order of
magnitude analysis similar to the one presented here, Λ can be estimated to be 0.35h,
where h is the smallest geometric length scale in the flow. Assuming h = 0.006m, which
is the height of the two-dimensional obstacles used upstream of the cavity, and
approximate value of 0.002m is obtained for Λ, leading to a time scale of

τ fΛ = 9.5 × 10 −4 sec, based on a typical value of urms = 2.2 m/s. This time scale results in a
Stokes number of 0.0094, approximately, which is much smaller than unity, and indicates
that the seeding particles can follow the fluid motion at the integral scale with negligible
lag.
An estimate for the time scale associated with Kolmogorov scale can be obtained by the
following equation [107]:

τ fλ =
ν 3 
in which λ =  
ε 

1

4

( )

and u λ = ν 3ε

1

4

λ
uλ

(4-10)

are the Kolmogorov length and velocity scales,

repectively. In the above equations, ν is kinematic viscosity, and ε is turbulent dissipation
rate, which can be estimated using the following equation [108]:

96

3
u rms
ε=
Λ

(4-11)

For the present study, the above equation gives a value of 5.07×103 for turbulence
dissipation rate, leading to the values of 2.86×10-6 m and 0.064 m/s for λ and uλ,
respectively. Based on these values, the time scale associated with Kolomogorov scale is
found to be 4.44×10-5 m/s, which results in a Stokes number of 0.2. This value of Stokes
number is close to unity, indicating that the particle size in the present study is not
appropriate for following the turbulent fluid motions at the Kolmogorov scale.

4.7

Flow Visualization

Different methods such as smoke wire, tufts, dry ice, and helium bubbles were used to
visualize the flow inside and downstream of the cavity. The first three methods were
found not to be appropriate for this experimental setup and flow regime.
The problem with the smoke wire was that the smoke was not entrained into the cavity.
The reason was that the smoke rose from the plate surface due to the two-dimensional
obstacle at the leading edge of the base plate and because of its lower density compared
to air. It did not reattach to the surface downstream of the obstacle and passed the cavity
at same distance from it.
The second approach was using tufts. The problem with this method was that the velocity
inside the cavity was low compared to the free-stream velocity. Therefore, the longer and
heavier tufts were not moved very well by the flow and were tangled into each other,
whilst the shorter tufts remained mainly in the direction in which they were attached to
the surface rather than the flow direction.
The third method was dry ice. The dry ice had to be vaporized by pouring water on it.
There were two possibilities regarding the dry ice location. It could be placed either
upstream of the cavity, in which case it would disturb the upstream flow and the water
used to vaporize it turned into ice after a very short period of time. The dry ice could also
be put inside the cavity, in which case it not only made a disturbance and a change in the
depth of the cavity, but also the glue which was used to attach the cavity bottom to the
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cavity walls could not tolerate the low temperature and detached immediately (Figure
4-17).

(a)

(b)

Figure 4-17 Dry ice placed at the upstream of the cavity (a) and inside the cavity (b)

The last method, which was used successfully, was helium bubbles. For this purpose
SAITM modified model 5 Helium bubble generator was used (Figure 4-18-(a)). Heliumfilled, almost neutrally-buoyant bubbles of uniform size, adjustable from 0.8mm to 5mm
in diameter, could be generated simultaneously from one or two outputs.
The Plug-in head, shown in Figure 4-18-(b) consisted principally of a concentric
arrangement of two stainless steel hypodermic tubes, one inside the other, attached in a
cantilever fashion to a cylindrical manifold base or body. Within the head, helium passed
through the inner hypodermic tube and "Bubble Film Solution" (BFS) through the
annulus between the inner tube and the outer tube to form the helium-filled bubbles at the
tip. A much larger concentric jet of air blew the bubbles continuously off the tip. To
operate the system external sources of helium and compressed air were required. A
cylinder of compressed helium with a 0 to 207kPa pressure regulator was used and
compressed air at 414kPa was delivered to the system. The results of flow visualization
using this technique are presented in Chapter 5.
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Helium
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Outlet tube
Plug-in head

(a)

(b)

Figure 4-18 Helium bubble generator

4.8

PIV Measurement Planes and Convergence Test

To be able to capture flow phenomena inside the cavity, measurements were carried out
in several vertical (x-y) and horizontal (x-z) planes to measure the respective velocity
components. Also, wake measurements were carried out in two horizontal (x-z) planes
downstream of the cavity.
For all the cases, regardless of the yaw angle and cavity depth, five vertical planes were
chosen to carry out the measurements. The third plane was always located at z/D = 0.
Since a lower yaw angle means a longer spanwise length of the cavity, the spacing of the
vertical planes spacing was larger at lower yaw angles compared to the higher ones. The
locations of these vertical planes for each yaw angle are presented in Table 4-2.
Table 4-2 The locations of vertical planes for different yaw angles

Yaw angle (degrees)

z/D

0, 15 and 30

±0.70, ±0.35, and 0

45 and 60

±0.53, ±0.26, and 0

90

±0.35, ±0.18, and 0
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For horizontal plane measurements, the number of planes was independent of the yaw
angles and depended only on the cavity depth. The lowest plane was at located 1cm
above the cavity floor, and the next planes were located in 1cm intervals. The only
exception was the last (highest) horizontal plane, for which the location was chosen
individually in each case to provide optical accessibility. Table 4-3 shows the locations of
the horizontal planes for each cavity depth.
For measurements in the wake area, two horizontal planes were chosen. The planes were
located at heights of 3mm and 6mm from the surface of the ground plane, downstream of
the cavity.
Table 4-3 The locations of horizontal planes for different cavity depths

h/D

y/D

1.0

-0.86, -0.72, -0.59, -0.45, -0.31, and -0.22

0.7

-0.56, -0.42, -0.29, and -0.20

0.5

-0.36 and -0.22

To determine the numbers of samples (image pairs) that should be recorded to obtain
results independent of the number of samples, several tests with different number of
samples were carried out. The mean and standard deviation of velocity were compared
for different numbers of samples. Qualitative comparison was carried out based on plots
of mean and standard deviation of velocity in the measurement plane (an example of
which is shown in Figure 4-19). Furthermore, distributions of mean and standard
deviation of velocity along a horizontal line located at the mid-depth of the cavity, and a
vertical line located at x/D = 0, on the mid-plane (z/D = 0) of the cavity with h/D = 1.0 at
the yaw angle of 90º were used for quantitative comparison. The objective of this
quantitative comparison was to determine the smallest number of samples beyond which
increasing the number of samples did not result in significant changes in the quantitative
values. A maximum variation of 1.5% in mean and standard deviation of velocity was
chosen as a quantitative criterion. Results of this quantitative comparison are presented in
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Table 4-4. The results indicate that increasing the number of samples from 2000 to 3000
results in less than 1.5% variations in both mean and standard deviation of velocity.
Based on these results, the number of the samples to be recorded was set to 2000 for all
measurement cases.

(a)

(b)

Figure 4-19 Effect of the number of samples on distributions of u (a) and urms (b) on a horizontal line
located at z/D = 0 and y/D = -0.6, for the cavity with h/D = 1.0 at yaw angle = 90º

Table 4-4 Average variations of u and urms due to increasing the number of samples

500

1000

2000

3000

Average variation of u (%)

-

2.8

1.5

1.2

Average variation of urms (%)

-

2.2

1.6

0.9

Average variation of u (%)

-

2.8

1.1

1.0

Average variation of urms (%)

-

2.0

1.3

0.6

Number of samples
y/D = -0.5

x/D = 0

4.9

Experimental Uncertainty

4.9.1 Pressure Transducers
Dybenko [109] has carried out an extensive error analysis for the DC001NDR4 pressure
transducers which were used for the present experiments. The sources of errors identified
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are temperature effect and drift over the length of trial, linearity and hysteresis, and
calibration. The root of the sum of the squares (RSS) method was applied in order to
estimate the total error. According to this method, for adding multiple random error
sources, the uncertainty to 95% confidence was calculated using the following equation
[110]:
n

w95 =

∑ (∆E )

2

i

(4-12)

i =1

where, i is the index for individual random error sources, n is the total number of random
error sources to be summed, and ∆E is a source of uncertainty as a fraction of the nominal
value of the quantity measured. Results of the analysis by Dybenko [109] indicate that
the error magnitude relative to nominal measurement for a typical Cp value of 0.15 is
±2.28%.

4.9.2 PIV System
The uncertainty associated with measurement of mean and fluctuating velocities, and
Reynolds stresses, using the PIV technique is comprised of two components. One
component is the measurement error, also known as bias, which is caused by various
aspects of the measurement technique and equipment. The other component is the
statistical uncertainty, also known as random error, which is due to the statistical
variation of the measured quantity in multiple measurements. These two components will
be estimated in the following paragraphs.
There are several sources for PIV measurement error. These uncertainties can be resulted
by velocity gradients, particle image size, out of plane motion, peak locking, and
interpolation [111]. The error due to each of these parameters has been investigated and
the total measurement error has been calculated accordingly.
•

Velocity gradients
The mean velocity gradients can be calculated based on the results of PIV
measurements in various combinations of measurement planes, h/D ratio, and yaw
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angle. A typical estimate of the mean velocity gradient, based on the results of
PIV measurements for a representative case (h/D = 1.0, yaw angle = 90°) is used
for error estimation. For this case, the normalized mean velocity gradients in the
streamwise (x), vertical (y), and spanwise (z) directions are found to be 0.6% and
0.3%, and 0.6%, respectively, based on the data in vertical (x-y) and horizontal
(x-z) planes. The error associated with velocity gradient can be determined using
Figure 5(e) of Reference [111]. The figure indicates an error of 0.03 pixels,
approximately, due to the mentioned velocity gradients.
•

Particle image size
An investigation of the PIV images of the present experiments indicates that the
size of the image of most of the particles in the field of view is 1 pixel. This
particle image size leads to an error of 0.08 pixels, based on Figure 5(a) of
Reference [111].

•

Out of plane motion
The thickness of the laser light sheet in the present experiments is approximately
1mm in the measurement area. This thickness is equivalent to 8.5 pixels,
approximately, based on the calibration coefficient in both vertical (x-y) and
horizontal (x-z) planes. The thickness of the laser light sheet is therefore larger
than the average in-plane pixel displacement of the present experiments, which is
around 5 in most cases. Assuming that the out of plane pixel displacement is less
than the in plane displacement, it can be concluded that the error due to out of
plane motion of the particles is negligible.

•

Peak locking
The term peak locking is used to describe the biasing of particle displacements
toward integer pixel values. Peak locking is a result of both the choice of subpixel fit estimator, and under-resolved optical sampling of the particle images
[112]. The RMS velocities and the Reynolds stress are sensitive to peak locking,
however, the mean velocity profiles are insensitive to this effect [112]. Although
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various sub-pixel fit estimators have been proposed, Westerweel has shown that a
Gaussian sub-pixel estimator is capable of reducing the effect of peak locking
significantly, compared to other methods [113]. Since this is the method that has
been implemented for correlation peak estimation in the Insight 3G PIV software,
the peak-locking error has been assumed to be negligible.
•

Interpolation
In PIV measurement, it is required to interpolate the randomly located data onto a
grid in order to calculate turbulent statistics. According to Cower and
Monismith’s work, the error due to interpolation is almost constant and equal to
0.08 pixels [111].

By using the root of the sum of the squares (RSS) method [110], the total uncertainty of
PIV measurements due to the above mentioned factors is 0.12 pixels approximately,
which can be converted to a velocity magnitude using time intervals and calibration
factor for each case. As a representative case, in mid-plane of the cavity with h/D = 1.0 at
yaw angle of 90°, which has the largest measurement area among all of the cases in the
present study, this value translates into an uncertainty of 0.29 m/s in terms of velocity.
The statistical uncertainty can be determined based on the approach described in [114]. In
this approach, the following equation is used for estimating the statistical uncertainty,
assuming a large population with normal distribution:

e=

zσ x

(4-13)

N

where, N is the number of independent measurements, σ x is the standard deviation of the
quantity for which the statistical error is calculated, e is the absolute uncertainty, and z
denotes the probability of estimating the mean value within ±e . For example, z = 1.96
for a probability of 95% for estimating mean value within ±e .
Based on the above-mentioned equation, the absolute statistical uncertainty in each of the
two velocity components ( u and v ) for a single measurement (snapshot) in the
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representative case of the cavity with h/D = 1.0 at 90° yaw angle, is found to be

eu = zu rms = 2.74 m/s and e v = zv rms = 1 . 37 m/s, based on a value of 1.96 for z.
These values, which are based on the maximum root mean square velocity components in
the cavity in the above-mentioned case, can then be combined with the absolute
measurement error of the PIV system, using the root of the sum of the squares (RSS)
method [110], according to Equation 4-14. The resulting total uncertainty for a single
measurement (snapshot) are eu Total = 2.76 m/s and ev Total = 1.40 m/s.

etotal = e 2 random + e 2 measurement

(4-14)

Based on the values of total uncertainty for a single measurement, the absolute value of
the total uncertainty in the components of mean velocity for 2000 independent
measurements can be calculated using Equation 4-13. Benedict and Gould [115] have
expanded this approach, and provided formulations to estimate the uncertainty in certain
other variables in a turbulent flow. This formulation has been applied to calculate the
uncertainties in the mean and fluctuating velocities, and Reynolds stresses in the present
experiments. The results of these calculations are summarized in Table 4-5. In all
calculations, N = 2000 and z = 1.96 .
Table 4-5 Total uncertainty of flow variables

Flow parameter Absolute uncertainty Units Reference value Relative uncertainty

u

0.062

m/s

5

1.2%

v

0.031

m/s

5

0.6%

u rms

0.044

m/s

1.4

3.1%

v rms

0.022

m/s

0.7

3.2%

u ′u ′

0.122

m2/s2

1.96

6.2%

v ′v ′

0.031

m2/s2

0.49

6.4%

u ′v ′

0.061

m2/s2

0.72

8.5%
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Another point to be noted with regards to PIV measurements in vertical planes inside the
cavity is the curvature of the surface and the resulting image distortion in the horizontal
direction. The cavity wall was manufactured as thin as practically possible (3mm) to
reduce the image distortion, and image distortion was measured quantitatively using a
grid of uniform points, placed inside the cavity. The least curved surface (facing the
camera) belongs to yaw angle = 90o (Figure 4-20-(a)). In this case, the maximum image
distortion, which occurs in a narrow band at both corners, is 3%. In the remaining part of
the cavity, image distortion is less than 1%. The most curved surface (facing the camera)
belongs to yaw angle = 0o (Figure 4-20-(b)). In this case the image distortion is 4% and
the value is almost constant over the entire length of the cavity.

(a)

(b)

Figure 4-20 Image distortion for yaw angle = 90º (a) and yaw angle = 0º (b)

4.10 Reference Velocity
The other important aspect of velocity profile comparison is the choice of an appropriate
reference velocity ( U ref ) for normalizing the results. The first candidate for reference
velocity is the freestream velocity ( U inf ). However, it should be noted that although the
freestream velocity is the characteristic velocity of the flow, the cavity is not exposed to
the freestream velocity directly. In practice, the velocity at the upper edge of the cavity, is
related to the freestream velocity through the separated shear layer. As a result, the
velocity distribution inside the cavity is strongly affected by the conditions of the shear
layer, including its thickness and velocity gradient. One of the parameters affecting the
condition of the shear layer along the upper edge of the cavity, and therefore the

106

distribution of flow parameters inside the cavity is the upstream boundary layer
characteristics. The effect of the thickness and state of the upstream boundary layer on
the flow past the shear layer separation point is discussed earlier in Chapter 2.
As mentioned previously, the upstream boundary layer thickness in the experiments is
different from that of the numerical simulations (δ/D = 0.6 and 1.08 for the experiments
and the numerical simulations). If Uinf is used to normalize the profiles, the effects of the
boundary layer thickness will not be accounted for. As a result, although experimental
and numerical profiles normalized using Uinf would follow the same trend qualitatively,
they would not match quantitatively.
Savory et al. have used the shear velocity ( u* ) as reference velocity to normalize
pressures inside the cavity [48]. Using the shear velocity as reference accounts for the
effects of upstream boundary layer thickness, and proves to be suitable for normalizing
pressure distributions. The present results indicate that cases with similar values of u* in
the upstream boundary layer can have different velocity distributions inside the cavity.
This behaviour is illustrated in Figure 4-21. This figure shows the difference between the
velocity distribution in the shear layer, for two cavities with similar upstream boundary
layers, but different yaw angles. The figure compares the velocity profiles at the top of
the cavity, for the cavity with h/D = 1.0, at two extreme cases of 0o and 90o yaw angles,
based on the CFD results. For each case, velocity profiles have been shown in the midplane, at a location 0.05D after the upstream cavity edge (x/D = -0.45 for 0o yaw and x/D
= -0.95 for 90o), and the centre of the cavity (x/D = 0).
Comparison of the profiles at x/D = -0.45 for yaw angle = 0o and x/D = -0.95 for yaw
angle = 90o shows that the velocity magnitudes and gradients are similar right after the
flow enters the cavity. Comparison of the two profiles at x/D = 0 shows considerably
different velocity profiles. The difference in velocity profiles may be attributed to two
effects. One is the effect of the separated shear layer with respect to the upper edge of the
cavity, and the other is the thickness of the shear layer. These effects will be investigated
in the following paragraphs.
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Figure 4-21 Velocity profile comparison for two different yaw angles at two different locations

The centre of the shear layer can be determined by finding the location of the maximum
gradient of the streamwise velocity in the vertical direction (

∂u
) within the shear layer at
∂y

locations downstream of the separation point. Figure 4-22 shows the locations of

 ∂u 
 
for the two cases of yaw angle = 0o and yaw angle = 90o. The figure shows that
∂
y
  MAX

the shear layer centre connects the upstream and downstream lips of the cavity in an
almost straight line, in both cases. This is not unexpected, considering that both cases
studied here represent the deep cavity flow regime, in which the shear layer is known to
bridge the cavity opening. This behaviour also indicates that the difference in the velocity
profiles at the upper edge of the cavity in the two cases is not due to the effect of the
shear layer being drawn into the cavity (as in the case of shallow cavities).
The analysis by Ashcroft and Zhang can be used to study the differences in the thickness
of the shear layer [23]. They have studied the growth of the shear layer past the
separation point for rectangular cavities with depth to length ratios in the range of
0.25 ≤ h / D ≤ 0.5 , exposed to turbulent boundary layers at 2.2 × 10 5 ≤ Re ≤ 5.6 × 10 5
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based on cavity length (D), by investigating the variations of vorticity thickness
(Equation 2-11). The vorticity thickness growth rate ( dδ ω dx ) between 0.114 and 0.3
have been reported for nominally two-dimensional rectangular cavities [23]-[26].

Figure 4-22 The location of shear layer centre (h/D = 1.0)

Figure 4-23 shows variations of vorticity thickness along the shear layer, for the cavities
at yaw angle = 0o and yaw angle = 90o. x ′ is measured from the upstream cavity lip. It
should be mentioned that since D is the length of minor axis of the cavity, in the case of
90o yaw angle, the streamwise length of the cavity is 2D. The figure shows that the shear
layer grows uniformly past the separation point for both cases, regardless of the yaw
angle, until it reaches the vicinity of the downstream lip of the cavity, where its thickness
starts to decrease. This behaviour is similar to that reported by Ashcroft and Zhang [23]
for the rectangular cavity. A comparison of δω at the centre of the cavity (x/D = 0) for the
two cases ( x ′ /D = 0.5 for 0o yaw angle and x′ /D = 1.0 for 90o yaw angle) indicates that
the shear layer has grown thicker in the case of yaw angle = 90o, due to larger distance
from the separation point. The thicker shear layer in this case has resulted in larger
velocities in the cavity, as shown in Table 4-6, which compares velocities at y/D = 0 and
y/D = -0.2 for the two cases.
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Figure 4-23 Shear layer thickness

Table 4-6 u /Uinf for two yaw angles at two different locations (h/D = 1.0)

Yaw angle

u /Uinf (y/D = 0)

u /Uinf (y/D = -0.2)

0o

0.308

-0.003

90o

0.348

0.602

Based on the above-mentioned arguments, the velocity at the upper edge of the cavity
(y/D = 0) at the streamwise location of x/D = 0 (centre of the cavity) has been chosen as
reference velocity (U ref ) to compare the profiles obtained form experiments and
numerical simulations (Figure 4-24). The use of this reference velocity accounts for the
quantitative differences in the velocity profiles due to different boundary layer
thicknesses, and highlights the different profiles shapes at different yaw angles, due to
differences in the thickness of the shear layer. It should be noted that due to the optical
restriction caused by the boundary layer plate, y/D = -0.2 is the highest position at which
velocity data are available from the PIV experiments. Therefore, velocity at the edge of
the cavity has been extrapolated using the relationship between the velocities at y/D =
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-0.2 and y/D = 0 in the results of the numerical simulations, and the velocity at y/D = -0.2
in the experimental data.

Figure 4-24 Schematic figure of velocity profile at x/D = 0 (green line), contours of ∂u (red
∂y
lines), shear layer (black dashed line), cavity walls (blue lines), and U ref (black vector)

4.11 Detecting Vortex Core Position
Several methods can be used to detect the location of the vortex core. Three approaches
for identification of the vortex core have been compared in Figure 4-25, which shows the
results of PIV measurements in a plane located at z/D = 0, for a cavity with h/D = 1.0 at
the yaw angle of 90°.
Figure 4-25 shows, (a) sectional streamlines generated based on the in-plane velocity
vector components, (b) contours of the out of plane vorticity z-component

ω z = ∂v ∂x − ∂u ∂y , (c) contours of the streamfunction (ψ) and (d) contours of Q criterion.
A comparison of Figure 4-25-(a) and (b) shows that the first two methods indicate a
similar location for the vortex core. However, Contours of ψ show a slightly different
location for the vortex core. This is due two reasons: one reason is the approximation in
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numerical integration of the velocity field, which has to be carried out to determine ψ.
The second is the fact that ψ is a parameter defined for potential, two-dimensional flow.
The flow under investigation does not have any of these two properties, therefore, ψ
cannot be expected provide an accurate representation of the flow pattern.

(a) Stream trace

(b) Vorticity contours (ωz)

0+

(c) Stream function contours (ψ)

(d) Q criterion

Figure 4-25 Different methods to find vortex core location inside the cavity (h/D = 1.0 & yaw = 90°)

As mentioned in Chapter 2, the Q criterion is a method for confirming the existence of a
vortex in a flow field, where other factors, such as the shear layer, also contribute to
vorticity [11]. This method differentiates vortices from other contributors to vorticity by
subtracting the strain rate from vorticity (Equation 2-9).
Although this method is useful for identifying a vortex in the flow field, it can only
specify the boundary of the vortex, which corresponds to the Q = 0 + iso-value (i.e. the
smallest positive iso-value), and not the location of the vortex core. As observed in
Figure 4-25-(d), the vortex boundary, indicated by the Q = 0 + iso-value, covers a large
part of the measurement plane and so does not provide any information about the location
of the vortex core.
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It should be noted that that iso-values of pressure can also provide a representation of
vortex cores in the flow field. However, the use of this criterion is limited to the results of
numerical simulations in the present study, since the experiments do not include pressure
measurements in the cavity volume. Of the first three methods, the sectional streamlines
based on the velocity vectors (Figure 4-25-(a)) have been found to provide the most
detailed results, which compare very well with the vortex cores determined based on
pressure iso-surfaces. Therefore, sectional streamlines have been used to determine the
location of the vortex core in the following chapter.

4.12 Proper Orthogonal Decomposition
The Proper Orthogonal Decomposition (POD) method projects a data ensemble
comprised of N samples of a vector field variable u i ( xi , t ) , onto N orthogonal spatial
modes ϕ n ( xi ) . The POD modes are energetically optimal, so that a reconstruction of the
data ensemble using the first M ≤ N POD modes contains more energy that any other
reconstruction involving a similar number of modes obtained on any other basis. Holmes
et al. [116] have shown that the POD modes can be obtained by finding the eigenvectors
of the following problem:

∫ u ( x , t ).u ( x ' , t ) ϕ
i

The

.

i

i

i

n

( xi ' )dxi ' = λnϕ n ( xi )

(4-15)

operator represents spatial autocorrelation. The discretization and solution

procedure for this problem can be found in the works of Smith et al. [117] and Shlens
[118]. The eigenvalues λ n in Equation 4-15 represent the energy content of each mode.
Each spatial POD mode is accompanied by a time-varying amplitude coefficient, which
can be obtained by projecting the data ensemble onto each mode, using the following
equation:

a n (t ) = ∫ u i ( xi , t ).ϕ n ( xi' )dxi

(4-16)

The combination of the POD modes and time-varying amplitude coefficients can be used
to reconstruct the original data ensemble, using the following equation:

113

M

u ( xi , t ) = ∑ a n (t )ϕ n ( xi )
*
i

(4-17)

n =1

In Equation 4-17, u i* ( x i , t ) is an approximate reconstruction of the original data
ensemble, using M ≤ N POD modes, also known as a low-dimensional representation.
Due to its unique features, including orthonormality and optimal energy content of the
modes, POD analysis is an ideal means for filtering out the noise in a complex data
ensemble, to reveal the underlying dynamic behaviour. In Chapter 5 of the present study,
this method has been utilized to analyze the oscillations of the vortex in the cavity based
on the results of the PIV velocity field measurements by calculating phase averaged
velocity fields.

4.13 Summary
In this chapter, the wind tunnel, model design process and specifications, measurement
equipments and the experimental setup were described in detail. Also, the boundary layer
flow, measurement uncertainties, and data analysis methods were explained
comprehensively.
Table 4-7 shows the different cases investigated through the experimental measurements
and the numerical simulations. As mentioned in Chapter 3, for the numerical simulations,
the dimensions and boundary layer specifications of Hering’s experiments were
replicated. However, in the present experiments, due to the practical limitations explained
in section 4.4, it was not possible to maintain some of the experiment parameters at

similar values. The details and comparison of the experiment parameters are presented in
Table 4-8. The parameters have been expressed in non dimensional form where
applicable, to facilitate the comparison.
The results of the experiments conducted using the equipment and methods described in
this chapter are presented and discussed in the following chapter.
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Table 4-7 List of numerical simulation and experimental measurement cases

Method

h/D

Yaw angle (degrees)

Numerical simulation

0.1, 0.2, 0.35,
0.5, 0.7, and 1.0

0, 15, 30, 45, 60, and 90

Inside the cavity

0.5, 0.7, and 1.0

0, 15, 30, 45, 60, and 90

Downstream of the cavity

0.5 and 0.7

0, 45, and 90

1.0

0, 45, and 90

PIV
measurement

Flow visualization

Table 4-8 Comparison of the parameters of present and Hering’s experiments [58]

Parameter

Present experiments

Hering (2006)

Cavity minor axis (D)

72.5mm

53.75mm

Freestream velocity (Uinf)

18.3m/s

27 m/s

ReD

8.7×104

9.1×104

Boundary layer thickness (δ/D)

0.60

1.08

Displacement thickness (δ*/D)

0.06

0.15

Momentum thickness (θ/D)

0.04

0.11

Shape factor (H)

1.5

1.4

Skin friction coefficient ( C f )

0.0035

0.0026

Friction velocity ( u* /Uinf)

0.040

0.036
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5 Results and Discussion
5.1

Introduction

In this chapter, the results of the experimental measurements and numerical simulation of
the flow in and around the elliptical cavity, which were described in the previous
chapters, will be presented and analyzed. The main objectives of this chapter are as
follows:
•

To establish a comprehensive representation of the flow structure in the elliptical
cavity volume, in order to complement previous studies of the flow structure
based on surface pressure measurements

•

To analyze the effect of depth on the flow structure inside and around elliptical
cavities, in order to identify the flow regimes and features affected by depth and
to determine similarities and differences with cavities with other planform shapes.

•

To analyze the effect of yaw angle on the flow structure inside and around
elliptical cavities with various depths, and to determine the flow structure and
mechanisms associated with the increased drag forces associated with strongly
asymmetric flows.

•

To investigate the effects of wall curvature on the flow structure in elliptical
cavities at various combinations of cavity depth and yaw angle, and through
comparison with the flows associated with rectangular cavities.

•

To analyze the flow in the wake of the cavity, in order to investigate the features
of the flow in the wake that are related to the cavity flow, in terms of velocity and
vorticity

•

To study the dynamic behaviour of the flow in the cavity, including fluctuating
velocity components and vortex oscillations
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•

To identify the underlying mechanisms from which the above-mentioned effects
originate, to compare them with previous findings for elliptical cavities and other
cavity planforms where applicable, and to highlight the flow features unique to
elliptical cavities.

Throughout the analysis of the results, a combination of the data obtained from numerical
simulations, experimental measurements and visualizations of the flow, and the results of
the experiments by Hering [58] will be used. In order to use this combination,
quantitative and qualitative agreement between these three sources of data must be
established, to ensure that the data support the observations mutually. This comparison
will be presented in the following section, and prior to analysis of the results.
Hering and Savory [6] have categorized the flow regimes in an elliptical cavity with a
major to minor axis ratio of (2:1), similar to the one studied herein, for various depths and
yaw angles. This categorization, which is based on surface pressure measurements, is
shown in Figure 5-1. The categories of flow regimes specified in this figure will be used
as a guideline for selecting the combinations of cavity depth and yaw angle for which the
flow will be analyzed in detail. Based on this categorization, the analysis of the results
will be carried out for three following major flow regimes, which are highlighted by
rectangles in Figure 5-1:
•

Symmetric flow regimes: These flow regimes are associated with shallow,
intermediate-depth, and deep cavities at 0° yaw angle. The analysis of results for
these regimes will be carried out for h/D ratios of 0.1, 0.2, 0.35, 0.5, 0.7, and 1.0
(blue region).

•

Nominally two-dimensional flow regime: This flow regime is associated with
cavities at the yaw angle of 90°. The analysis will be carried out for three depths
(h/D = 0.1, 0.5, and 1.0), which represent the shallow, intermediate depth, and
deep cavities (green region).

•

Asymmetric flow regimes: These flow regimes are divided into two subcategories: The weakly asymmetric regime, which is associated with cavities with
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yaw angles up to 30°, and the strongly asymmetric regime, which is associated
with cavities with yaw angles of 45° and 60°. The analysis of results will be
carried out for three depths (h/D = 0.1, 0.5, and 1.0), which represent the shallow,
intermediate depth and deep cavities (red region).
The analysis of the results includes position and development of the shear layer, position
of the vortices in the cavity, surface pressure distribution and drag, flow downstream of
the cavity, and dynamics of the flow. Qualitative and quantitative comparisons will be
carried out with previously published results for elliptical cavities, as well as those of
other comparable flows, where available.

Figure 5-1 Different flow regimes of yawed elliptical cavity (adapted from
ref. [6]). Symmetric, asymmetric and nominally two-dimensional regimes
are highlighted in blue, red, and green, respectively.

5.2

Comparative Evaluation of the Experimental and Numerical
Results

As mentioned earlier, a combination of the results of PIV velocity field measurements
and numerical simulations will be used to analyze the results in this chapter. The
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experimental and numerical results of the present study will be complemented by the
results of the pressure measurement experiments by Hering [58], where applicable. In
order to study the flow based on a combination of these sources of data, quantitative and
qualitative agreement among them should be established. In the following paragraphs,
various comparisons between the results of the present experiments and numerical
simulations, and the experiments by Hering will be carried out to verify the agreement
among the results.

5.2.1 Comparison of PIV Experiments and Numerical Simulations
5.2.1.1 Mean and turbulent velocity profiles
In this section, profiles of the streamwise component of mean velocity ( u ) and the
streamwise component of turbulent kinetic energy, expressed by u' u' , obtained from the
PIV experiments and the numerical simulations, will be compared to examine the
agreement between the two sources of data. The comparison includes profiles at selected
locations inside the cavity, for representative combinations of h/D and yaw angle.
The process of choosing an appropriate reference velocity ( U ref ) for normalizing the
results is an important aspect of this comparison. This process illustrates the mechanism
by which momentum and velocity is transferred from the boundary layer to the cavity.
The details concerning the choice of reference velocity were given in section 4.10.
The cases of the cavity with h/D = 1.0 at yaw angles of 0, 45 and 90 degrees have been
used as representative cases to examine the agreement between the numerical and
experimental profiles. The reason for selecting this cavity depth is that the measurement
area is the largest compared to the cases with other depths and yaw angles, therefore,
more comparable data points were available. These three selected yaw angles represent
the shortest and longest distances from the separation point, as well as an intermediate
case.
Figure 5-2 shows the profiles of the streamwise component of mean velocity ( u ) and the
streamwise component of turbulent kinetic energy, expressed by u' u', based on numerical
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and experimental results, for the cavity with h/D = 1.0 at 90o yaw angle. The profiles
have been extracted along the vertical (y) direction, for three streamwise locations,
corresponding to x/D = -0.5, 0, and 0.5, on the centreline of the cavity. The results show
similar trends for the experimental and numerical results, in the profiles of u and u' u'.
Figure 5-3 and Figure 5-4 show the profiles of u and u' u' , based on numerical and
experimental results, for the cavity with h/D = 1.0 at the yaw angles of 45o and 0o
respectively. The profiles have been extracted along the vertical (y) direction, for three
streamwise locations, corresponding to x/D = -0.25, 0, and 0.25, on the centreline of the
cavity. Again, similar trends are observed for the experimental and numerical results.
A comparison of the velocity profiles at yaw angles = 0o and 90o verifies the trend shown
in Figure 4-21 Velocity profile comparison for two different yaw angles at two different
locations for the experimental data. Due to the larger thickness of the shear layer in the
case of yaw angle = 90o due to increased growth over a larger distance from the
separation point, the profiles show milder gradients, and flow with larger velocity being
entrained into the cavity, compared to the case of yaw angle = 0o.
The error bars in these figures represent the uncertainty based on the combination of
random statistical errors and the error in velocity measurement using the PIV technique.
Estimation of the uncertainties has been described in section 4.9.
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(a)

(d)

(b)

(e)

(c)

(f)

Figure 5-2 Numerical and experimental results comparison of u
and u 'u ' profiles for h/D = 1.0 at 90º yaw angle
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(a)

(d)

(b)

(e)

(c)

(f)

Figure 5-3 Numerical and experimental results comparison of u
and u 'u ' profiles for h/D = 1.0 at 45º yaw angle

122

(a)

(d)

(b)

(e)

(c)

(f)

Figure 5-4 Numerical and experimental results comparison of u
and u 'u ' profiles for h/D = 1.0 at 0º yaw angle
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5.2.1.2 Vortex core positions
The profiles presented above provide detailed quantitative information about the
distribution of flow parameters at selected locations. However, it is difficult to infer the
flow structure inside the cavity using the limited number of local profiles. Therefore, the
location of the vortex core in the three-dimensional volume of the cavity, determined
based on the experimental and numerical results, will be used in as tool to describe the
flow structure in this chapter. In the case of the experimental results, the location of the
vortex in the three-dimensional volume of the cavity has been reconstructed by detecting
the vortex core based on the results of the PIV measurements in the horizontal and
vertical planes listed in the previous chapter. In the case of the numerical results, planes
similar to those involved in the PIV measurements have been used to extract data from
the three-dimensional volume of the cavity. A complete discussion of the methods for
determining the location of the vortex core has been presented in section 4.11.
Considering the agreement between the experimental and numerical velocity profiles
presented in the previous section, the positions of the vortex cores are also expected to be
in agreement. Nevertheless, the agreement between the experimental and numerical
vortex core positions has been verified quantitatively, by calculating the average distance
between the vortex cores obtained based on experimental and numerical results, for
selected cases.
Table 5-1 shows the average distance between vortex cores obtained using the
experimental and numerical results ( ∆ ), as a quantitative criterion for assessing the
agreement of the two data sets. The values in the table are normalized using the cavity
minor axis (D). Based on the values presented in the table, it can be observed that the
average distance between the vortex cores is 0.07D.
The uncertainty in the position of vortex core has also been calculated based on the
standard deviation of the vortex core positions determined from instantaneous PIV
snapshots. The calculation has been carried out for a number of combinations of
measurement plane, cavity depth, and yaw angle, with various levels of velocity
fluctuations ( urms and v rms ), which represent cases with various levels of vortex
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oscillations, as shown later in section 5.3.5. The results indicate a maximum uncertainty
of ±0.05D in the horizontal (x) direction and ±0.02D in the vertical (y) direction. A
comparison of the maximum uncertainty with the average difference between vortex core
positions shown in Table 5-1 suggests that the vortex cores obtained based on
experimental and numerical results are in reasonable agreement, and can be used in
combination to describe the flow structure in the cavity.
Table 5-1 Average distance between vortex cores (CFD & PIV results)

h/D
Yaw angle (o)
1
0
1
15
1
30
1
45
1
60
1
90
0.5
0
0.5
15
0.5
30
0.5
45
0.5
60
0.5
90
Average value

∆ /D
0.06
0.06
0.08
0.07
0.11
0.09
0.06
0.10
0.05
0.05
0.05
0.07
0.07

5.2.2 Relationship between Pressure Distribution and Vortex Core
Position
Haigermoser et al. [24] have shown the correspondence between low-pressure regions in
the flow field and the location of vortex core using PIV measurements for a nominally
two-dimensional rectangular cavity exposed to a thick turbulent upstream boundary layer
flow. They have also shown the correspondence between the high-pressure regions and
the locations of shear layer impingement onto the cavity walls. This correspondence for
the elliptical cavity involved in the present study will be demonstrated in the following
paragraphs. This will be done by investigating the relationship between the vortex core
positions obtained based on the present PIV velocity field measurements and numerical
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simulations, the pressure distributions obtained from the present numerical simulations,
and the pressure distributions reported by Hering [58].
The investigation will also evaluate the agreement between the results of the present
experiments and numerical simulations, and the experiments of Hering [58]. Establishing
this agreement will make it possible to use all three data sources in combination to
describe the cavity flow in various h/D ratios and yaw angles in this chapter. Throughout
the process of validation of the numerical simulation methodology in section 3.7,
quantitative agreement between the results of the present numerical simulations and the
experiments by Hering [58] has been demonstrated. The quantitative comparison, which
involves distribution of pressure coefficients along the centreline of the cavity base for
selected combinations of cavity depth and yaw angle, indicates a maximum difference of
5% between pressure coefficients. To complement the quantitative comparison, position
of the vortex core, and surface pressure distributions based on the present numerical
experimental results, and the experimental results by Hering [58] will be compared in the
following paragraphs, for three representative cases, with different flow regimes
associated with various combinations of cavity depth and yaw angle.
It should be noted that the objective of the following comparison is only to further
confirm agreement of the results from the three independent sources, and not to describe
the flow structure. Considering this objective, only a brief overview of the flow structure
has been given for each case. The detailed description of the cavity flow structure for
these cases will be presented later in this chapter.
The viewing angle for each case has been chosen individually to show the threedimensional features of the particular vortex core.
The first example is the cavity with h/D =1.0 at yaw angle = 0°, which is an example of
the “deep cavity” flow regime (Figure 5-1). Figure 5-5 shows the vortex core position in
the cavity volume based on the present numerical and experimental results in part (a), as
well as contours of pressure coefficient in and around the cavity based on the present
numerical results (part b), and those of Hering’s experiments (part c). Figure 5-5-(a)
shows a three-dimensional vortex core. The centre part of the vortex core is close to the
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upstream wall of the cavity between the angular positions of 60o and 300o, at an
approximate depth between y/D = -0.25 and -0.5. The pressure coefficient distributions
shown in Figure 5-5-(b) and (c) illustrate a low-pressure area on the sidewall of the
cavity, which covers the same range of angular position and depth as the vortex core. The
contours shown in parts (b) and (c) are plotted using the same scale and number of levels,
and can also be used to verify the quantitative agreement between the two sets of results.

(a)

(b)

(c)

Figure 5-5 Vortex core position (a) and pressure coefficient contours on cavity base, ground plane,
and side walls for h/D = 1.0, yaw angle = 0º from reference [58] (b) and numerical simulations (c)

127

The two extreme ends of the vortex core are located lower than the centre part (y/D < 0.5), and are close to the sidewalls at angular positions of 120° and 240°. The pressure
distributions shown in parts (b) and (c) indicate low pressure regions at the same
positions. The extreme ends of the vortex core also approach the floor of the cavity at two
locations (x/D between 0 and 0.25, and z/D = ±0.75, approximately). Again, the pressure
distributions show low-pressure areas at the same locations.
Figure 5-6 shows the results for the cavity with h/D = 0.5 at yaw angle = 45°. This case is
an example of the “strongly asymmetric” regime (Figure 5-1). Figure 5-6-(a) indicates a
curved vortex core, in which the centre part is closer to the cavity floor. This corresponds
to a low-pressure region on the cavity base in parts (b) and (c). According to Figure 5-6(a), the upstream end of the vortex is bound by the cavity sidewall at an angular position
of 60°, and a depth between -0.2D and -0.3D, with a corresponding low-pressure region
at the same location in parts (b) and (c). The downstream end of the vortex core
approaches the upper edge of the cavity at an angular position between 180° and 270°,
and leaves the cavity volume to form a trailing vortex. Again, the pressure distributions
shown in parts (b) and (c) show a low-pressure area corresponding to the same location.
Figure 5-7 (a) shows the vortex core for the case of h/D = 0.5 and yaw angle = 90°, which
represents the regime categorized as “nominally two-dimensional”. The results of the
numerical simulations indicate a primary, and a smaller secondary vortex in the cavity.
The secondary vortex is very close to the cavity base, and cannot be observed in results
of PIV measurements due to reflections from the cavity base, except for the mid-plane,
where the core was slightly higher. No trace of this weak vortex can be observed in the
pressure distributions. The primary vortex core is relatively straight in the spanwise
direction and curved slightly towards the cavity floor at its centre. The centre of the
vortex is located at a streamwise position of x/D = 0.3, which corresponds with a lowpressure area at the same location in the pressure distributions in Figure 5-7-(b) and (c).
Both the vortex core position and the low pressure regions in the pressure distributions on
the cavity sidewall indicate that the two ends of the vortex approach the side walls of the
cavity at angular position slightly above 90° and slightly below 270°. Based on these
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observations, the correspondence between the location of the vortex core and the lowpressure regions on the cavity walls can be confirmed for this case.

(a)

(b)

(c)

Figure 5-6 Vortex core position (a) and pressure coefficient contours on cavity base, ground plane,
and side walls for h/D = 0.5, yaw angle = 45º from reference [58] (b) and numerical simulations (c)

Based on the above-mentioned observations, it can be concluded that the direct
correspondence between the location of the vortex core in the cavity volume and the low
pressure areas, which was shown by Haigermoser et al. [24] for a two-dimensional
rectangular cavity, continues to exist in the case of the three-dimensional elliptical cavity
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studied herein. The results also confirm the agreement between the results of the PIV
measurements, the numerical simulations, and the pressure measurement experiments by
Hering [58].

(a)

(b)

(c)

Figure 5-7 Vortex core position (a) and pressure coefficient contours on cavity base, ground plane,
and side walls for h/D = 0.5, yaw angle = 90º from reference [58] (b) and numerical simulations (c)

In this section, quantitative agreement between the mean and turbulent velocity profiles
based on the experimental and numerical results of the present study was shown in
section 5.2.1. This was followed by demonstration of the direct correspondence between
the location of vortex in the cavity and pressure distributions on cavity walls, based on
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the experimental and numerical results of the present study, and the results reported by
Hering [58], which also confirmed the agreement between the results of the three sources.
The comparisons presented in this section, together with the quantitative agreement
between pressure distributions, shown in section 3.7, confirms the results from the three
sources are in mutual agreement, and a combination of them can be used to analyze the
flow in the following sections.

5.3

Symmetric Flow Regimes

Symmetric flow regimes are associated with the cavity at 0° yaw angle. The main feature
of the flow in these regimes is symmetry of the flow structure based on mean flow
properties, with respect to the mid-plane of the cavity (z/D = 0). As suggested by Figure
5-1, and indicated by the results presented in the following paragraphs, when the depth of
the cavity changes, significant changes in the flow structures occur, while the flow
maintains its symmetry. These changes lead to three distinct flow regimes: the “deep
cavity” flow regime, associated with the cavity with h/D = 1.0, the “intermediate depth”
flow regime, associated with cavities with h/D between 0.35 and 0.5, and “shallowtransitional cavity” flow regime, associated with the cavity with h/D = 0.1and 0.2. Each
of these three regimes have distinct features, which will discussed in detail in the
following paragraphs based on various aspects of the flow, including shear layer
behaviour, the three-dimensional flow structure, drag, flow downstream of the cavity, and
the dynamic behaviour. Comparisons with previously published studies will be included
where comparable results are available.

5.3.1 Behaviour of the Shear Layer
As previously discussed in detail in Chapter 2, the flow in a cavity exposed to an
upstream boundary layer is dominated by the interaction of the shear layer separated from
the upstream edge of the cavity and the solid boundaries of the cavity. Therefore, the
behaviour of the separated shear layer can provide valuable insight into the flow
structure. In this section, two parameters have been used for studying the behaviour of the
shear layer. These parameters are the thickness of the shear layer and the position of the
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shear layer centre. The method for determining these two parameters has been described
in section 4.10.
Figure 5-8 shows variations of the thickness of the shear layer shear along the upper edge
of the cavity (y/D = 0) in the cavity mid-plane (z/D = 0), determined based on the results
of the numerical simulations, for cavities with h/D ratios between 0.1 and 1.0, at 0° yaw
angle. The figure indicates that the shear layer grows following an almost linear trend,
after separation from the upstream edge, with a growth rate that is similar of all h/D
ratios. The results of the studies by Ashcroft and Zhang [23], Haigermoser et al. [24],
Murray et al. [25], and Ukeiley and Murray [26] indicate that the shear layer separated
from the upstream edge of nominally two-dimensional rectangular cavities exposed to
turbulent boundary layers displays a similar behaviour, in which growth rate is linear and
independent of the geometric proportions of the cavities such as relative depth and length.

Figure 5-8 Shear layer thickness at 0º yaw angle

The quantitative value of shear layer growth rate for the results shown in Figure 5-8 is

dδ ω dx = 0.2 . For nominally two-dimensional rectangular cavities, values between
0.114 and 0.3 have been reported [23]-[26]. The value obtained based on the present
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results within the above-mentioned range, and is particularly close to the value of

dδ ω dx = 0.19 reported by Haigermoser et al. [24] for open rectangular cavities with h/D
= 0.25 exposed to a turbulent approaching flow with ReD = O(104).

Figure 5-9 The location of shear layer centre at 0º yaw angle

Figure 5-9 shows the position of the centre of the shear layer relative to the upper edge of
the cavity in the cavity mid-plane (z/D = 0), determined based on the results of the
numerical simulations, for cavities with h/D ratios between 0.1 and 1.0, at 0° yaw angle.
An examination of the shear layer centre positions at h/D = 1.0 indicates that the shear
layer at this depth to width ratio extends over the upper edge of the cavity without
considerable deflection into or out of the cavity volume. The behaviour of the shear layer
in this case similar that of a nominally two-dimensional cavity in the “open” regime
associated with deep cavities [15]. Since the shear layer thickness grows linearly
downstream of the separation point (Figure 5-9), it can be concluded that an increasingly
larger part of it is entrained further downstream of the separation point. This trend
continues up to the vicinity of the downstream edge of the cavity, where the shear layer
impinges upon the downstream wall.
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The shear layer centre positions at h/D = 0.1 indicate that the shear layer centre is
deflected into the cavity volume downstream of the separation point. Considering the
growth of the shear layer downstream of the separation point (Figure 5-8), one can expect
the shear layer to impinge upon, or approach the cavity base. The behaviour of the shear
layer in this case resembles that of nominally two-dimensional rectangular cavity in the
“closed” or “transitional-closed” regimes associated with shallow cavities.
Between the above-mentioned extremes of cavity depth, a significant change in the
behaviour of the shear layer centre locations can be observed for the h/D ratios of 0.7,
0.5, 0.35, and 0.2. For these intermediate depths, the shear layer centre appears to be
deflected upwards in the downstream half of the upper edge of the cavity. This deflection
increases as the h/D ratio decreases from 0.7 to 0.35, and then decreases again at h/D =
0.2. This behaviour of the shear layer centre locations cannot be directly associated with
the typical “open” or “closed” regimes of deep and shallow cavities, but may be
indicative of a different flow structure.
The behaviour of the shear layer depth will be related to the flow structure in the cavity in
the following section, in which the flow structure for cavities with various h/D at 0° yaw
angle will be investigated in detail.

5.3.2 Flow Structure
In the following paragraphs, a combination of the results of the PIV velocity field
measurement, numerical simulations, and flow visualizations carried out in the present
study, and the experiments by Hering [58] are used to identify the flow structure in
elliptical cavities at 0° yaw angle. Comparisons with previously published results are
included where available.

5.3.2.1 Deep cavity (h/D = 1.0)
Figure 5-5-(a) shows the vortex core position for the cavity with h/D = 1.0. A more
detailed image of the flow pattern in two vertical planes, located at z/D = 0 and z/D = 0.7,
is shown in Figure 5-10. While the streamtraces shown in Figure 5-10 both indicate a
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flow pattern similar to that of a deep, nominally two-dimensional rectangular cavity
containing a single captive vortex [15], considerable variation in the position and
orientation of the vortex core is found to exist across the span, due to three-dimensional
effects.

(a)

(b)

Figure 5-10 Streamlines and Cp contours for cavity with h/D = 1.0
at 0° yaw angle at z/D = 0 (a) and z/D = 0.7 (b)

At the centre of the cavity (z/D = 0), the vortex core is located at a smaller depth, and
closer to the upstream wall at the centre of the cavity. With increasing distance from the
mid-plane, the core extends slightly downstream and downwards towards the base of the
cavity, so that the two ends of the vortex core are bounded by the upstream wall, near the
floor of the cavity. The downstream deflection of the vortex core with increasing distance
from the centreline may be because of the curvature of the upstream wall in the
downstream direction, which leads to formation of the recirculation region further
downstream, at spanwise positions farther from the centreline. The pressure coefficient
contours based on numerical simulations shown in Figure 5-5-(c), are in accordance with
the above-mentioned flow structure. As described in section 5.2.2, the low-pressure
contours are associated with the locations at which the vortex core approaches the cavity
walls. Figure 5-5-(c) shows a low-pressure region on the upper half of the cavity
sidewall, between the angular positions of 315° and 45°, which corresponds with the
centre part of the vortex core. The two low pressure regions on the cavity floor
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correspond with the parts of the vortex core that approach the cavity floor. At the
locations where the two ends of the vortex core reach the sidewalls, two low pressure
regions can be observed on the lower half of the sidewalls, at the angular positions of
120° and 240°. A symmetric high pressure region can be observed at the upper edge of
the downstream wall of the cavity, around the angular position of 180°. This region
corresponds to the location where the shear layer impinges upon the downstream cavity
wall after bridging the cavity, as shown clearly in Figure 5-10-(a).
Figure 5-11 shows an instantaneous visualization of the flow inside the cavity with h/D =
1.0 at 0° yaw angle, obtained using the Helium bubble technique. This figure shows a
captive vortex inside the cavity. The vortex core is located in the upstream part of the
cavity, and close to the upper edge. The location of the vortex core in this image
corresponds to the location of the vortex core in the mid-plane (z/D = 0), shown in Figure
5-10-(a).

Figure 5-11 Instantaneous flow visualization image obtained using the Helium
bubble technique, for the cavity with h/D = 1.0 at yaw angle = 0º

The pressure coefficient contours based on the experiments by Hering [58] are shown in
Figure 5-5-(b). A comparison between Figure 5-5-(b) and Figure 5-5-(c) indicates similar
patterns in pressure distributions. Considering the correspondence between surface
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pressure distributions and position of the vortex (discussed in section 5.2.2), it can be
concluded that the vortex structure identified based on the present results is similar to that
of Hering’s experiments.

5.3.2.2 Intermediate-depth cavities (0.35 ≤ h/D ≤ 0.7)
As expected from the previously-mentioned change in the location of the shear layer
position from the case of h/D = 1.0 to those of h/D = 0.7, 0.5, and 0.35, the vortex core
positions and surface pressure distributions also indicate a flow structure that is
significantly different from that of the deep cavity.
The vortex cores for the cases of h/D = 0.7, 0.5, and 0.35, shown in Figure 5-12-(a), (b)
and (c), illustrate a W-shaped structure which resembles the cellular structure introduced
in Chapter 2 based on the work of Maull and East [16]. The three-dimensional features of
the vortex are clearly visible in this figure, which show the symmetric, W-shaped vortex
inside the cavity. The centre portion of this vortex is closer to the downstream wall of the
cavity and the two extreme ends of the vortex stretch towards the upstream wall of the
cavity. Due to the shape of the vortex, it impinges upon the downstream wall of the
cavity at two locations, which are symmetrically located at the two sides of the centre of
the vortex core. This behaviour is confirmed by the pressure contours shown in Figure
5-12-(d), (e) and (f), which show a two-cell low-pressure region at the two sides of the
angular position of 180°, on the downstream wall. The high pressure regions associated
with the location of shear layer impingement on the downstream wall also show a cellular
behaviour, in which two symmetric high pressure regions can be observed at the
approximate angular positions of 135º and 225º, based on pressure distribution on the
downstream wall. This is in contrast with the cavity with h/D = 1.0, for which one high
pressure region due to shear layer impingement was observed around the centreline of the
downstream wall. This difference can also be observed in Figure 5-13 which shows a
high pressure region at z/D = 0.7.
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(a)

(d)

(b)

(e)

(c)

(f)

Figure 5-12 Vortex core positions and Cp contours at yaw angle = 0º for h/D = 0.7, 0.5, and 0.35
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(a)

(b)

Figure 5-13 Sectional streamlines and Cp contours for cavity with
h/D = 0.5 at 0° yaw angle at z/D = 0 (a) and z/D = 0.7 (b)

The two low pressure regions at the angular positions of 60° and 300° indicate the
locations where the extreme ends of the vortex core are bound by the upstream wall.
Pressure distribution on the cavity floor also shows two separate low-pressure regions,
which are due to the outer part of the vortex cores in each cell approaching the cavity
floor. Unlike the case of the deep cavity (h/D = 1.0), the centre part of the vortex core is
closer to the downstream wall of the cavity. The vortex core positions and the lowpressure regions on the downstream cavity wall also show that the centre part of the
vortex core forms at an increasingly higher position, when the cavity depth decreases
(y/D = -0.2 for h/D = 0.35 compared to y/D = -0.4 for h/D = 0.7). This behaviour
indicates the increased upward deflection of the downstream part of the shear layer,
observed in Figure 5-9 for these three cases, is related to the location of the centre part of
the vortex core.
In the work of Maull and East [16], a two-cell vortex core has been reported for a
rectangular cavity with h/D = 0.5, and W/D = 2, exposed to a turbulent boundary layer.
Czech [49] has also confirmed the existence of the cellular structures, in his study of
three-dimensional rectangular cavities exposed to a turbulent boundary layer. Figure 5-14
shows the pressure distribution in a rectangular cavity with W/D = 3.18 and an h/D = 0.5,
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at 0° yaw angle. The pressure distribution indicates that the vortex inside the cavity has a
two-cell structure. However, for the cavity with an aspect ratio of 2:1, the results reported
by Czech do not show any cellular structure in the cavity vortex. Similarly, in the study
by Savory et al. [48], no particular indication of a cellular structure in the cavity vortex
was found, for a rectangular cavity with an aspect ratio of 2:1 exposed to a turbulent
upstream boundary layer.

Figure 5-14 Cp contours for a rectangular cavity (W/D = 3.18
& h/D = 0.5) at 0° yaw angle (adapted from ref. [49])

For the cavity with a 2:1 elliptical planform, existence of the cellular structure can also be
observed in the results of the experiments by Hering [58]. Figure 5-15-(a), which shows
pressure distributions in the cavity with h/D = 0.5 at 0° yaw angle, also confirm the
cellular structure of the cavity vortex, with two distinct cells visible [58]. The same
behaviour, for a similar configuration, was also observed by Savory and Toy [5]. As
shown in Figure 5-15-(b), two distinct high pressure areas exist on downstream wall of
the cavity. However, the pressure is slightly lower compared to Hering’s experiments and
the present numerical simulations. This may be a result of the difference in the thickness
of the approaching boundary layer, since they performed their experiments with a thicker
boundary layer, δ/D = 4.57 as opposed to δ/D = 1.08 used by Hering and for the present

140

simulations. As explained in section 2.4, the thicker boundary layer would result in a
lower Cp value as lower velocity fluid would be entrained into the cavity from the shear
layer spanning the cavity.

(a)

(b)

Figure 5-15 Cp contours at yaw angle = 0º for h/D = 0.5, Hering
[58] (a), Savory and Toy (adapted from ref. [5]) (b)

The results presented in the previous paragraphs indicate that when the geometric
proportions of the cavity are close to those reported by Maull and East [16], the cavity
vortex shows a cellular structure for both rectangular and elliptical planform shapes. The
existence of a similar W-shaped vortex in the present cavity suggests that the cellular
nature of the vortex may be the result of an inherent feature of the recirculation zone in
cavities with aspect ratios greater or equal to 2 and intermediate depths, independent of
the cavity planform shape.
A noteworthy trend observed in the case of deep and intermediate-depth cavities is
variation of the position of the vortex core with cavity depth. A comparison of Figure
5-10 and Figure 5-13 indicates that the vortex core in the mid-plane is farther from the
downstream wall for deeper cavities (x/D = -0.2 for h/D = 1.0 compared to x/D = 0.4 for
h/D = 0.5). A similar trend can be observed in the case of a nominally two-dimensional
rectangular cavities exposed to a turbulent boundary layers, in the studies by Ukeiley and
Murray [26], which involves cavities with h/D = 0.2 and 0.7, and the study by Kang et al.
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[122], which involves cavities with h/D = 0.5 and 1.0. The results of both studies indicate
that the vortex core moves towards the upstream wall of the cavity when the cavity depth
increases.

5.3.2.3 Shallow and transitional cavities (h/D = 0.1 and 0.2)
When the cavity depth is further decreased to h/D = 0.2, another significant change in the
vortex core positions and surface pressure distributions is found to occur. An examination
of the vortex structure at this depth (Figure 5-16-(a)) indicates that a vortex core is
formed near the upstream edge of the cavity, and parallel to it. The vortex core is
indicative of shear layer separation from the upstream lip of the cavity wall, which causes
a recirculation zone to form near the upstream wall of the cavity. The separation vortex is
bounded by the curved cavity walls at angular positions of 135º and 225º, approximately,
as indicated by pressure coefficient distribution on the cavity sidewalls (Figure 5-16-(c)).
The flow then leaves the cavity, forming another recirculation zone with a vortex that is
bounded by the downstream wall. This recirculation zone is related to the upward
deflection of the shear layer centre near the downstream wall of the cavity, observed in
Figure 5-9. While the general flow structure for h/D = 0.2, is comparable to that of
rectangular cavities in the “closed” flow regime, shown in Figures 2-2-(a) and 2-5-(a),
due to the existence of the two recirculation zones, one particular difference with the
“closed” flow regime is that no high-pressure region indicative of the impingement of the
shear layer is found on the cavity base. Instead, a high-pressure region is observed near
the edge of the downstream wall, which indicates that the shear layer is entrained inside
the cavity, but does not impinge the cavity base. This flow structure is a characteristic of
the “transitional-closed” flow regime [14], and represents a transition between the
cellular structure and shallow cavity regimes. The streamtraces in the cavity mid-plane
are shown in comparison with those of a nominally two-dimensional cavity exposed to a
turbulent upstream boundary layer in the “transitional-closed” regime, and show the
similarities between the two flows (Figure 5-17). In both cases two recirculation zones
exist near the upstream and downstream walls of the cavity, and the shear layer does not
impinge upon the cavity base [119].
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(a)

(c)

(b)

(d)

Figure 5-16 Vortex core positions and Cp contours at yaw angle = 0º for h/D = 0.2 and 0.1

(a)

(b)

Figure 5-17 Streamlines and Cp contours of cavity with h/D = 0.2 at 0° yaw angle (a) and
instantaneous streamlines of a nominally two-dimensional rectangular cavity with h/D = 0.13 [119]
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Finally, for the case of h/D = 0.1, the vortex core position is indicative of shear layer
separation from the upstream lip of the cavity wall, which causes a recirculation zone to
form near the upstream wall of the cavity. The formation of this recirculation zone is
confirmed by the pressure distributions in Figure 5-16-(d). The location of the vortex core
in the primary recirculation zone is approximately 0.25D. No trace of a secondary
recirculation zone is found further downstream, according to the vortex core positions
and pressure distributions, indicating that the second recirculation zone is very small
(Figure 5-18). However, the pressure increases on the cavity base, towards the
downstream wall. This is followed by a low pressure region on the boundary layer plate,
immediately downstream of the downstream edge of the cavity wall. This pressure
distribution indicates that although the shear layer does not impinge the cavity base, it
enters the cavity volume and approaches the base, and then leaves the cavity volume,
forming a separation region at the edge of the downstream cavity wall. This behaviour is
consistent with the position of the shear layer centre for this case (Figure 5-9), and can be
associated with the “transitional-closed” regime [14], The location of the vortex core in
the primary recirculation zone is approximately 0.25D from the upstream cavity wall,
which agrees with the location of the low pressure region in the surface pressure
distributions.

(a)

(b)
Figure 5-18 Streamlines and and Cp contours for cavity with h/D = 0.1
at 0° yaw angle at z/D = 0 (a) and z/D = 0.7 (b)
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The pressure coefficient contours based on the experiments by Hering [58] are shown in
Figure 5-19 for h/D = 0.1. A comparison between Figure 5-19 and Figure 5-16-(d)
indicates similar patterns in pressure distributions, suggesting a similar flow structure.

Figure 5-19 Cp contours at yaw angle = 0º for h/D = 0.1 [58]

5.3.3 Drag Characteristics
The relationship between the drag of the cavity and its flow structure is investigated in
the following paragraphs. Normalized drag coefficients (

∆CD
), obtained based on the
cf

present numerical stimulations, are plotted in Figure 5-20, for cavities with h/D ratios
between 0.1 and 1.0 at 0° yaw angle. The figure also includes data from other studies
involving rectangular and elliptical cavities with aspect ratio of 2:1, including the studies
by Friesing [3] and Savory et al. [5] and [48], and circular cavities, including the studies
by Savory et al. [52] and Dybenko and Savory [53]. The results of the present study are
close to the values reported by Friesing [3] and within the uncertainty limit of the values
reported by Hering [58], except for h/D = 0.5. Compared to other results for the same
configuration [3] and [18], Hering’s results for h/D = 0.5 and 0.7 show smaller values of
drag coefficient.
A general trend can be observed in Figure 5-20, in which drag coefficient are lower for
rectangular and elliptical cavities with larger h/D. In the case of rectangular cavity,
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Savory et al. [48] have attributed the larger drag in the case of shallow cavities to the
increased entrainment of the shear layer compared to deep cavities, which leads to
formation of a larger high pressure region associated with shear layer impingement upon
the downstream wall of the cavity, closer to the cavity base. This explanation is
consistent with the results of the present study, in which lower positions of the shear layer
centre, and larger high-pressure regions are observed for shallow and transitional cavities
with smaller h/D ratios. The drag coefficients for circular cavities do not follow this
trend, and indicate a very high value for the cavity with h/D = 0.5, which has been
attributed to strong asymmetry in the flow [53].

Figure 5-20 Comparison of drag coefficient at yaw angle = 0° (The lines are
added to visualize the general trend for each planform shape.)

5.3.4 Flow Downstream of the Cavity
Separation of the flow from the upper edge of the downstream wall of the cavity is one of
the features of the flow structure of elliptical cavities in symmetric flow regimes. As
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discussed in Section 5-3-2, the shear layer separated from the upstream edge of the cavity
impinges upon the downstream wall of the cavity and forms a region of high pressure
near the upper edge of the wall. The flow then exits the cavity volume, by turning around
the edge of the cavity. Due to the sharp, 90-degree corner of the edge, the flow separates
at this point. For all h/D ratios, evidence of the flow separation can be observed in the
pressure distributions shown in section 5.3.2, as a low-pressure region, formed on the
boundary layer plate immediately after the downstream of edge of the cavity.
Effect of this separation on the flow downstream of the cavity is studied in this section
for h/D ratios of 0.7, 0.5, and 0.2, based on velocity distributions in horizontal and
vertical planes at various locations downstream of the cavity. These cases have been
selected to make it possible to use the results reported by Hering [58] for the same h/D
ratios for comparison.
Figure 5-21 shows distribution of velocity deficit in vertical planes located at the
positions of x/D = 0.5 and x/D = 2.6, based on the results of the numerical simulations of
the present study, and the experiments by Hering [58]. Velocity deficit is determined by
subtracting the velocity in absence of the cavity at the similar downstream position, from
the measured or computed velocities, using the following equation:

∆u  u
=
U inf  U inf


 u

− 
 Cavity  U inf



 No Cavity

(5-1)

The figures show one dominant low velocity region at z/D = 0 for cavities with h/D = 0.7
and h/D = 0.5. For the cavity with h/D = 0.2, the results of the numerical simulations
show two low velocity regions located approximately at z/D = ±0.2. These velocity
distributions can be explained by a close examination of the separated flow region
downstream of the cavity, and its position relative to the vertical plane located at x/D =
0.5.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-21 Velocity deficit contours based on numerical simulations (left)
and experimental measurements [58] (right) at 0º yaw angle

As it can be observed in Figure 5-12 and Figure 5-16, a low-pressure region associated
with the separated flow is visible downstream of the edge of the cavity for all three cases.
For the cavity with h/D = 0.2, the low-pressure region covers a larger extent in the
downstream direction, compared to the cases of h/D = 0.5 and 0.7. This can be explained
by comparing the position of the shear layer for the three cases. As discussed in section
5.3.1 and shown in Figure 5-9, the shear layer centre is at a lower position for the cavity
with h/D = 0.2, compared to the other two cases. Therefore, a larger part of the shear
layer is entrained inside the cavity with h/D = 0.2. Considering that the shear layer
contains velocities larger than the flow inside the cavity, the downstream wall of the
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cavity will be exposed to a larger oncoming velocity at the impingement region compared
to deeper cavities with less shear layer entrainment. The flow in this region is similar to
that of a forward facing step exposed to an oncoming turbulent shear layer. For this type
of flow, Sherry et al. [120] have shown that when the maximum velocity of the shear
layer impinging onto the step increases by a factor of 3, the length of the recirculation
zone formed downstream of the edge of the step increases by 50%. This observation is
consistent with the present finding, in which a larger recirculation zone is formed
downstream of the cavity with h/D = 0.2.
In the case of the cavity with h/D = 0.2, the vertical plane located at x/D = 0.5 intersects
with the larger and more curved separation region, at two locations at spanwise positions
of z/D = ±0.2. Two low velocity regions can be seen in the vertical plane at the same
spanwise locations. However, in the case of the cavities with h/D = 0.5 and 0.7, the
vertical plane is almost tangent to the narrower separation region at z/D = 0, and one low
velocity region is observed.
For the cavities with h/D = 0.7 and 0.5, two smaller low velocity regions can also be
observed at z/D = ±1.0, approximately. These low velocity regions might be associated
with side edge vortices, which are formed due to the effect of the shear layer being
entrained into the cavity following separation from the edge of the upstream wall, as
described in section 2-3. Figure 5-16 shows two small low-pressure regions at the two
corners of the cavity (z/D = ±1.0), which further support the possibility of formation of
side edge vortices. Due to their small size at x/D = 0.5, the low velocity regions have not
been detected in the measurements by Hering [58]. However, at x/D = 2.6, where they are
found to have expanded, traces of them are visible in both the results of Hering and the
present numerical results. No trace of the small low-velocity regions can be observed for
the cavity with h/D = 0.2 in Figure 5-21, indicating that the side edge vortices are weak
or non-existent. This is in accordance with previously reported findings about side edge
vortices [12], in which the side-edge vortices are found to be weaker for cavities with
smaller depth to width ratios, due to less entrainment of the flow over the side edges of
the cavity.
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Figure 5-22, shows the velocity distribution based on PIV measurements, in a horizontal
plane located 3mm above the upper edge of the cavity (y/D = 0.04), extending between
x/D = 0.5 and x/D = 2.7 in the streamwise direction, and between z/D = -1.0 and z/D =
1.0 in the spanwise direction. Both parts (a) and (b) of the figure show a low velocity
region extending downstream of the cavity. It should be mentioned that the circular arc is
due to masking of imaging area by the joint between the base plate enclosing the cavity,
and the ground plate (see Figure 4-2). Considering the uniform spanwise velocity
distribution upstream of the cavity (section 4.4), the reason for the slightly asymmetric
velocity deficit about the centreline for both cases is presumably a small error in the
setting of the yaw angle to 90º in the experiment, or a slight non-uniformity in the cavity
model.
h/D = 0.7

Yaw 0

y/D = 0.04

h/D = 0.5

(a)

Yaw 0

y/D = 0.04

(b)

Figure 5-22 Velocity deficit contours based on PIV measurements
at 0º yaw angle in a horizontal plane

Both Figure 5-21 and Figure 5-22 show that the low velocity region expands in the
spanwise and vertical directions as the distance from the downstream edge of the cavity
increases.
A comparison of the velocity deficits in the vertical planes for the three depths (Figure
5-21) shows that the largest velocity deficit is caused by the cavity with h/D = 0.5.
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Comparison of parts (a) and (b) of Figure 5-22 also shows that the cavity with h/D = 0.5
has a larger velocity deficit.
Figure 5-23 compares the spanwise variations of

∆u
at x/D = 0.65 for cavities with h/D
U inf

= 0.7 and 0.5 based on numerical simulations and PIV measurements. x/D = 0.65 was
chosen because it was not possible to extract reliable data at x/D = 0.5 due to reflections
from the cavity wall. The results of numerical simulations and PIV measurement show
similar peak velocity deficits and the same trend. However, the spanwise position of this
peak is offset from z/D = 0 in the case of experimental results due to the slight deviation
of the yaw angle from 0º. This figure also confirms that the cavity with h/D = 0.5 has a
velocity deficit larger than that of h/D = 0.7.

Figure 5-23 Quantitative comparison of velocity deficit at 0º yaw angle

In the case of the cavity with h/D = 0.5, the shear layer centre has the highest position
near the downstream edge of the cavity wall, among all h/D ratios investigated (Figure
5-9). On the other hand the thickness of the shear layer near the downstream edge of the
cavity is almost similar for all cases (Figure 5-8). Therefore, a larger part of the shear
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layer is outside the cavity for the cavity with h/D = 0.5. Since the velocity in the shear
layer is smaller than the freestream velocity, a larger velocity deficit will exist
downstream of the cavity in this case. The larger velocity deficit in the wake of the cavity
with h/D = 0.5 is consistent with the larger drag for this case, compared to the cavity with
h/D = 0.7 (Figure 5-20).
Existence of vortex structures in the flow downstream of the cavities at 0° yaw angle was
also investigated, using the numerical results. No trace of vortex structures was observed,
except for a very small region of streamwise vorticity ( ω x ) immediately downstream of
the edge of the cavity, which was found to diminish in the streamwise direction (Figure
5-24). More explanation about these regions of streamwise vorticity will be given in
section 5.4.4. It should be noted that throughout this chapter, positive values of ω x
indicate streamwise vorticity in the downstream (positive-x) direction, with circulation in
clockwise direction looking downstream.

Figure 5-24 Streamwise vorticity contours at x/D = 0.5 for
h/D = 0.7 (a) and h/D =0.5 (b) at 0° yaw angle

5.3.5 Flow Dynamics
Previous studies in which flow in cavities with various depths are investigated have
shown that a relationship exists between cavity depth and the level of flow oscillations
inside the cavity. The results of these studies suggest that the vortex inside the cavity is
more stable for deeper cavities. In the case of a nominally two-dimensional rectangular
cavity exposed to a turbulent upstream boundary layer with ReD = 2.7×105, Ukeiley and
Murray [26] have shown that when the cavity depth increases from h/D = 0.2 to h/D =
0.7, the level of fluctuations in streamwise velocity (indicated by urms) in the vicinity of
the vortex core decreases from 0.2Uinf to 0.1Uinf. A similar reduction is also observed in
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vrms, which decreases from 0.12Uinf to 0.07Uinf. Pressure measurements by Hering [58]
also indicate that the maximum level of pressure fluctuations on the cavity walls for the
cavity with h/D = 1.0 is smaller than those of cavities with smaller h/D ratios. As an
example, for the cavities in the symmetric flow regime (yaw = 0°), the maximum level of
CPrms, which is associated with the location of shear layer impingement upon the
downstream wall of the cavity, decreases from 0.04 to 0.01, when cavity depth is
increased from h/D = 0.5 to h/D =1.0. While the results reported by Hering [58] are in
accordance with the trend observed by Ukeiley and Murray [26], they are limited to
surface pressure distributions, and do not provide an insight into the behaviour of the
vortex in the cavity.
In the following paragraph, this behaviour will be investigated in more detail in the case
of elliptical cavities in the symmetric flow regime, by comparing the flow in cavities with
h/D = 0.5 and h/D = 1.0.
As mentioned earlier, the level of velocity fluctuations, indicated by urms and vrms, is an
indicator of flow oscillations in the cavity. Distribution of urms in the cavity mid-plane
(z/D = 0) are shown in Figure 5-25, for cavities with h/D = 0.5, 0.7, and 1.0. The figure
indicates increasingly higher levels of urms in the cavity for smaller depth. A quantitative
comparison of the distributions of urms and vrms on a vertical line located at x/D = 0, z/D =
0, which are shown in Figure 5-26 confirms this trend, and indicates larger x-velocity
fluctuations for the cavity with h/D = 0.5, compared to those with h/D = 0.7 and 1.0. In
the case of y-velocity fluctuations, the maximum value is almost the same for both h/D =
0.7 and 0.5 and larger than that of h/D = 1.0. It should be mentioned that, for better
comparability, cavity depth (h) is used to normalize the vertical axis.
In order to gain a better insight into the dynamic behaviour of the flow inside the cavity,
and to investigate how the velocity fluctuations are related to this dynamic behaviour,
Principal Orthogonal Decomposition (POD) analysis has been used to analyze the
dynamics of the results of the PIV velocity field measurements. Details of the
formulation of POD analysis are described in section 4.12.
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(a)

(b)

(c)
Figure 5-25 urms contours for h/D = 1.0 (a), 0.7 (b), and 0.5 (c) at 0° yaw angle at z/D = 0

(a)

(b)

Figure 5-26 Comparison of urms (a) and vrms (b) profiles on the vertical centreline
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POD analysis has been carried out on the PIV data for cavities with h/D = 0.5 and h/D =
1.0, in the vertical plane located at z/D = 0.35. This vertical plane has been chosen based
on the flow structures described in section 5.3.2, to make sure that the measurement area
contains the vortex core.
Figure 5-27 and Figure 5-28 show the first four POD modes of the fluctuating streamwise
and vertical velocity components, respectively, for the cavity with h/D = 0.5. A
comparison of the mode shapes indicates that a relationship exists between the spatial
distributions of the velocity fluctuations in the shapes of the first two modes, in which the
two modes are distinguished by a spatial shift in the regions of high and low fluctuating
velocities. This behaviour suggests that Modes 1 and 2 point to the same dynamic
behaviour in the flow and, therefore, a temporal relationship is expected to exist between
them.

Figure 5-27 The first four POD modes of the fluctuating streamwise velocity component

The relative energies of the POD modes, which are represented by the normalized
n

eigenvalues ( λi

∑ λ ), are shown in Figure 5-29 for the cavities with h/D = 1.0 and 0.5.
i

i=1

It can be observed that the first two modes contain the largest part of kinetic energy of the
fluctuating velocity field. The energy of the first two modes constitutes 16.5% and 22.5%
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of the total energy of the velocity field for h/D = 1.0 and 0.5 respectively. These ratios are
smaller than the ratios of the energy contained by the first two POD modes in the study
by Murray et al. [25] involving a nominally two-dimensional rectangular cavity exposed
to a turbulent upstream boundary layer, and the study by Savory et al. [35] involving a
rectangular cavity, representing an urban street canyon. This can be explained by
considering the distribution of velocity fluctuations in the flow field. The shear layer
contains most of the dynamic content of the flow field, as the fluctuating velocity
components are the highest in that region. This can be clearly observed in the distribution
of fluctuating velocity components, an example of which is shown in Figure 5-30. This
figure shows the distribution of vrms from the studies by (a) Oszalp [29] involving a
nominally two-dimensional rectangular cavity (h/D = 0.5), (b) Haigermoser [54],
involving a cavity with circular planform (h/D = 0.5), and (c) the present study, involving
the elliptical cavity (h/D = 0.7) at the vertical mid-plane located at z/D = 0. All the
figures indicate that the highest levels of vrms occur in the shear layer. However, as shown
by Figure 5-30-(c), in the present PIV measurements, most of the shear layer is not
included in the measurement area due to the masking caused by the base plate. This
explains the smaller relative energies of the first two POD modes in the present results,
compared to other studies.

Figure 5-28 The first four POD modes of the fluctuating vertical velocity component
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(a)

(b)

Figure 5-29 The first forty normalized eigenvalues for h/D =
1.0 (a) and 0.5 (b) at 0° yaw angle at z/D = 0

(a)

(b)

(c)
Figure 5-30 vrms contours on vertical mid-plane (z/D = 0) by Oszalp (adapted
from ref. [29]) for a two-dimensional rectangular cavity (a), Haigermoser
(adapted from ref. [54]) for a circular cavity (b), and the present study (c)
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An investigation of the behaviour of the time varying coefficients of the first two modes,
a1(t) and a2(t), confirms the temporal relationship between them. Figure 5-31 shows plots
of the normalized time-varying coefficients a1 (t)

2 λ1 vs. a2 (t)

2 λ2 , for the cavities

with h/D = 1.0 and 0.5 respectively. Both figures indicate that the normalized time
varying coefficients are mostly concentrated in a circular region. This behaviour has been
interpreted by previous researchers, including Perrin et al. [121] and Savory et al. [35], as
an indication that a 90-degree phase difference exists between the normalized time
varying coefficients of Modes 1 and 2.
This relationship can be utilized to determine the phase angle phase θ for each PIV
snapshot using the following equation:

 a (t) / 2λ 
2
2

a
(t)
/
2
λ
 1
1 

−1

θ = tan 

(5-2)

The phase angles are then used to calculate phase averaged velocity fields, which make it
possible to investigate the flow oscillations by comparing the flow structure in various
phases, in an approach similar to that implemented by Savory et al. [35] in the case of an
urban cavity.

(a)

(b)

Figure 5-31 Normalized time-varying coefficients for the cavities with h/D = 1.0 (a) and 0.5 (b)
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Plots of streamtraces in the cavity based on the phase averaged velocity fields are shown
in Figure 5-32 and Figure 5-33, for h/D = 1.0 and 0.5 respectively. The plots show
considerable vortex oscillations inside the cavity with h/D = 0.5. The vortex in the cavity
with h/D = 1.0, however, is found to be relatively stable. As a quantitative measure of the
oscillations, variations in the position of the vortex core in the streamwise and vertical
directions are 0.03D and 0.04D for the cavity with h/D = 1.0, and 0.07D and 0.1D for the
cavity with h/D = 0.5. In previous studies by Haigermoser et al. [24] and Ukeiley and
Murray [26], similar oscillations of the vortex have been attributed to flapping of the
shear layer, due to an instability which is independent of the resonant conditions, which
leads to in- and outflow events (known as breathing). As mentioned before, the present
PIV measurements do not allow an investigation of the dynamics of the shear layer itself
due to masking of the images, however, the similar vertical oscillations of the vortex, and
the fact that the present cavity is not in resonant conditions (section 2.5), suggests that a
similar flapping instability in the shear layer is responsible for the vortex oscillations.
The results of the POD analysis indicate that oscillations of the vortex are considerably
larger for the intermediate-depth cavity (h/D = 0.5), compared to the deep cavity (h/D =
1.0). This observation agrees with the previously reported results indicating larger surface
pressure and velocity fluctuations for cavities with smaller depths, and suggests that the
higher fluctuating values are due to increased vortex oscillation.
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(a)

(b)

(c)

(d)

Figure 5-32 Phase averaged streamtraces in the vertical plane located at z/D = 0.35, for
the cavity with h/D = 1.0. The phase interval between consecutive plots is 90°.

(a)

(b)

(c)

(d)

Figure 5-33 Phase averaged streamtraces in the vertical plane located at z/D = 0.35, for
the cavity with h/D = 0.5. The phase interval between consecutive plots is 90°.
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5.3.6 Summary of Findings for Symmetric Flow Regimes
The findings presented in this section regarding symmetric flow regimes can be
summarized as follows:
•

Three distinct flow regimes are observed for cavities at 0° yaw angle, depending
on the h/D ratio. While the mean flow is symmetric in all three regimes,
significant changes in flow structures can be observed when the h/D ratio
changes.

•

For the cavity with h/D = 1.0, behaviour of the shear layer is similar to that of
deep nominally two-dimensional rectangular cavities in the "open" flow regime.
The shear layer of the cavity with h/D = 0.1 shows a behaviour similar to shallow
rectangular cavities in the "closed" flow regime. Between these two depths,
behaviour of the shear layer is not similar to either of the two regimes and
indicates a different flow structure.

•

For all cavity depths in the symmetric regime, the shear layer grows almost
linearly downstream of the separation point, with an average growth rate of
dδ ω

dx

= 0.2 , which is within the range of the growth rate observed in other

studies on cavity flows.
•

The flow structure for the cavity with h/D = 1.0 consists of a single, captive
vortex similar to that of deep nominally two-dimensional cavities in the "open"
regime. Position and orientation of the vortex core varies across the span, due to
three-dimensional effects. Figure 5-34 shows a schematic representation of the
main features of the flow structure in this regime

•

For cavities with h/D ratios between 0.7 and 0.35, the flow structure includes a
single, captive vortex with a cellular structure. The number of cells for all cases is
2, which is consistent with the numbers of cells previously observed in the case of
cavities with rectangular planforms of the same aspect ratio, indicating that
formation of the cellular structures is independent of the cavity planform shape.
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When the cavity depth increases, the vortex core forms at a position closer to the
downstream wall, and at a smaller depth (Figure 5-35).

Figure 5-34 Schematic representation of the flow structure in an elliptical
cavity in the symmetric-deep flow regime

Figure 5-35 Schematic representation of the flow structure in an elliptical
cavity in the symmetric-cellular structure flow regime

•

For cavities with h/D ratios of 0.2 and 0.1, the flow structure resembles that of
shallow nominally two-dimensional cavities in the transitional flow regime, in
which the shear layer is deflected into the cavity, but does not impinge onto the
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cavity base. The primary vortex core is parallel to the upstream wall of the cavity
(Figure 5-36).

Figure 5-36 Schematic representation of the flow structure in an elliptical
cavity in the symmetric-shallow flow regime

•

The drag is found to be lower for cavities with larger h/D ratios (deeper cavities).
This behaviour has been attributed to the increased entrainment of the shear layer
in the case of shallow and transitional cavities.

•

The flow is found to separate from the edge of the downstream wall of the cavity,
to form a low pressure separation region. A region of velocity deficit is found to
exist downstream of the cavity, for all depths. The velocity deficit for the cavity
with h/D = 0.5 is found to be larger those of h/D = 0.7, which is consistent with
the higher drag for this h/D ratio.

•

The flow in the cavity with h/D = 1.0 is found to be more stable than those of
cavities with h/D = 0.7 and 0.5. This is indicated by lower levels of fluctuating
velocity components. The vortex inside the cavity is found to have a smaller timedependent displacement of the vortex core in the case of the deep cavity, which
indicates that the higher level of velocity fluctuations is due to increased vortex
oscillation. The vortex oscillations are possibly due to a flapping instability in the
shear layer.
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5.4

Nominally Two-Dimensional Flow Regime

The nominally two-dimensional flow regime is associated with the cavity at 90° yaw
angle. The main feature of the flow in this regime is formation of a single, symmetric,
vortex inside the cavity. In most cases, the vortex core is parallel to the minor axis of the
cavity, and its position shows little variation due to three-dimensional effects. Figure 5-1
suggests that changes in depth of the cavity have little effects on the flow structure in this
regime. In the following paragraphs, this behaviour will be investigated in detail based on
the results of the present study. The investigation includes three h/D ratios of 1.0, 0.5, and
0.1, which represent deep, intermediate-depth, and shallow cavities, respectively. Various
aspects of the flow, including shear layer behaviour, the three-dimensional flow structure,
drag, the flow downstream of the cavity and the dynamic behaviour will be discussed and
comparisons with previously published studies will be included where comparable results
are available.

5.4.1 Behaviour of the Shear Layer
As shown before in sections 5.3 and 5.5, the behaviour of the separated shear layer,
expressed in terms of the thickness of the shear layer and the position of the shear layer
centre provides an insight into the flow structure in the cavity.
Variations of the vorticity thickness along the upper edge of the cavity (y/D = 0) in the
cavity mid-plane (z/D = 0), which have been determined based on the results of
numerical simulations, are shown for cavities with h/D ratios of 0.1, 0.5, and 1.0, in
Figure 5-37. The figure indicates an almost linear growth, with a similar growth rate for
the three h/D ratios. The shear layer growth behaviour is similar to that observed in the
case of elliptical cavities in symmetric flow regimes (yaw angle = 0°), shown in Figure
5-8, as well as the behaviour reported by Ashcroft and Zhang [23], Haigermoser et al.
[24], Murray et al. [25], and Ukeiley and Murray [26] for nominally two-dimensional
rectangular cavities exposed to turbulent boundary layers. Considering the different
geometric proportions of the cavity in the mid-plane compared to the cavity with yaw
angle = 0°, the above-mentioned observation further supports the conclusion that for a
given set of upstream boundary layer conditions, the shear layer growth rate is uniform
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and independent of the geometric proportions of the cavity such as relative depth and
length.
The quantitative value of the shear layer growth rate for the results shown in Figure 5-37
is dδ ω dx = 0.2 . This value is the same as the value, determined for the elliptical cavities
in symmetric flow regimes (section 5.3), and the value of 0.19, reported by Haigermoser
et al. [24] for open rectangular cavities with h/D = 0.25 exposed to a turbulent
approaching flow with ReD = O(104).

Figure 5-37 Shear layer thickness at 90° yaw angle

The position of the centre of the shear layer relative to the upper edge of the cavity
determined based on the results of numerical simulations are shown in the cavity midplane (z/D = 0), for cavities with h/D = 0.1, 0.5, and 1.0, in Figure 5-38.
The behaviour of the shear layer centre position for the cavities with h/D = 1.0 and 0.5 is
similar to that of the cavity with h/D = 1.0 at yaw angle = 0° (Figure 5-9), in which the
shear layer extends over the upper edge of the cavity without considerable deflection into
the cavity volume. Therefore, considering the uniform growth of the shear layer
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downstream of the separation point, the shear layer is expected to impinge onto the
downstream wall. This behaviour suggests the existence of a flow structure similar to that
of nominally two-dimensional rectangular cavities in the “open” flow regime, associated
with deep cavities [18], for the elliptical cavities with h/D = 1.0 and 0.5.
The behaviour of the shear layer centre position for the cavity with h/D = 0.1 is also
found to be similar to that of the cavity with h/D = 0.1 at yaw angle = 0° (Figure 5-9), in
which the shear layer is deflected into the cavity volume downstream of the separation
point. Therefore, considering the uniform growth of the shear layer, the shear layer is
expected to impinge onto, or approach the cavity base. This behaviour suggests the
existence of a flow structure similar to that of nominally two-dimensional rectangular
cavities in the “closed” or “transitional-closed” regimes associated with shallow cavities
[18].

Figure 5-38 The location of shear layer centre at 90° yaw angle

In general, the behaviour of the shear layer centre position for cavities with h/D = 1.0 and
0.1 are found to be similar for the cavities in symmetric (yaw angle = 0°) and nominally
two-dimensional (yaw angle = 90°) regimes. This behaviour, however, is different for
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h/D = 0.5. For this h/D ratio, a significant change in the behaviour of the shear layer,
associated with the cellular flow structure, is observed for the cavity in the symmetric
regime (sections 5.3). The shear layer for the cavity with h/D = 0.5 at 90° yaw angle,
however, shows the typical behaviour of a nominally two-dimensional rectangular cavity
in the “open” regime.
The behaviour of the shear layer depth will be related to the flow structure in the cavity in
the following section, in which the flow structure for cavities with h/D = 0.1, 0.5, and 1.0,
at 90° yaw angle will be investigated in detail.

5.4.2 Flow Structure
In the following paragraphs, a combination of the results of the present PIV velocity field
measurements, numerical simulations, and flow visualizations, and the experiments by
Hering [58] are used to identify the flow structure in elliptical cavities at 90° yaw angle.
Comparisons with previously published results are included where available.

5.4.2.1 Deep cavity (h/D = 1.0)
Figure 5-39-(a) shows the vortex core position for the cavity with h/D = 1.0. The cavity
contains a single vortex which extends symmetrically between the two sidewalls, and
shows little deformation due to three-dimensional effects. The vortex is slightly curved
towards the downstream wall with the core position located at x/D = 0.05 at z/D = 0.35,
and x/D = 0.2 at z/D = 0. The flow pattern is shown in more detail in two vertical planes
located at z/D = 0 and z/D = 0.35, in Figure 5-40. The streamtraces indicate a flow
pattern similar to that of a deep, nominally two-dimensional rectangular cavity containing
a single captive vortex. An example of the flow pattern in a nominally two-dimensional
rectangular cavity with a similar depth to streamwise length ratio, exposed to a turbulent
upstream boundary layer [122] is shown in Figure 5-41 for comparison. However, the
results of the present study show no trace of a secondary vortex similar to that observed
in Figure 5-41.
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(a)

(b)

(c)

Figure 5-39 Vortex core position (a) and pressure coefficient contours on cavity base, ground plane,
and side walls for h/D = 1.0, yaw angle = 90º from reference [58] (b) and numerical simulations (c)

Figure 5-42 shows an instantaneous image of the present helium bubble flow
visualizations, for the cavity with h/D = 1.0 at 90° yaw angle. The figure verifies the
existence of a captive vortex, with its core located at x/D = 0.1.
Similar to the previous cases studied in this chapter, the pressure coefficients contours
based on numerical simulations are in accordance with the flow structure (Figure 5-39(c)). The low pressure regions on the cavity base (between x/D = 0 and 0.25) and
sidewalls (at angular positions of 90° and 270°) correspond to the position of the vortex
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core relative to the cavity base and sidewalls. Also, a symmetric high pressure region can
be observed on the downstream wall around the angular position of 180°. This region
corresponds to the location where the shear layer impinges upon the downstream cavity
wall after bridging the cavity, as shown in Figure 5-40-(a).

(a)

(b)

Figure 5-40 Sectional streamlines and Cp contours for cavity with
h/D = 1.0 at 90° yaw angle at z/D = 0 (a) and z/D = 0.35 (b)

Figure 5-41 Example of mean velocity contours and streamlines in a nominally twodimensional rectangular cavity with h/D = 0.5 (adapted from ref. [122])
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The pressure coefficient contours based on the experiments by Hering [58] (Figure 5-39(b)), indicate similar patterns which suggest a similar vortex structure, considering the
correspondence between the surface pressure distributions and the position of the vortex
(discussed in section 5.2).

Figure 5-42 Instantaneous flow visualization images obtained using the Helium
bubble technique, for the cavity with h/D = 1.0 at yaw angle = 90º

5.4.2.2 Intermediate depth cavity (h/D = 0.5)
Figure 5-7 shows the vortex core positions for the cavity with h/D = 0.5. The main vortex
inside the cavity extends symmetrically between the two sidewalls, at x/D = 0.3, and
shows little deformation due to three-dimensional effects. The feature that distinguishes
the flow structure in this case from that of the deep cavity is the existence of a secondary
vortex parallel to the primary vortex, with an opposite sense of rotation. The secondary
vortex is located at x/D = -0.2. The streamtraces in vertical planes located at x/D = 0 and
0.35, which are shown in Figure 5-43 confirm the existence of a small secondary vortex.
The secondary vortex is very close to the base of the cavity, and cannot be observed in
the results of the PIV measurements due to reflections from the cavity base, except for
the mid-plane (z/D = 0), where the vortex is slightly higher.
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(a)

(b)

Figure 5-43 Streamlines for cavity with h/D = 0.5 at 90° yaw angle at z/D = 0 (a) and z/D = 0.35 (b)

A comparison between the flow structure in this case, and that of a nominally twodimensional rectangular cavities with similar depth to streamwise length ratio [24] shows
that the general flow pattern is similar for both cases. However, the secondary vortex is
located further downstream in the case of the elliptical cavity (Figure 5-44). It should be
noted that in the case of open cavities with a large primary vortex, the secondary vortices
are driven by the primary vortex and are, therefore, expected to be parallel to it. In the
case of a nominally two-dimensional rectangular cavity, this means that the secondary
vortex is also parallel to the upstream wall. In the case of the elliptical cavity at 90° yaw
angle, the upstream wall is highly curved, therefore, the secondary vortex driven by the
straight primary vortex cannot be expected to form parallel to the upstream wall. This
explains the formation of the secondary vortex at a position further downstream,
compared to nominally two-dimensional rectangular cavities.
The pressure coefficient contours obtained based on numerical simulations (Figure 5-7(c)) show the effect of the primary vortex as a low-pressure region on the cavity base
(x/D between 0 and 0.5), and the sidewalls (angular positions of 135° and 225°,
approximately). Again, a symmetric high pressure region corresponding to the location of
shear layer impingement can be observed on the downstream wall around the angular
position of 180°. The pressure coefficient contours based on the experiments by Hering
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[58] show a similar pattern, suggesting a similar flow structure (Figure 5-7-(b)). No trace
of the smaller secondary vortex can be observed in the pressure coefficients distributions
based on the present numerical simulations and Hering’s experiments.

Figure 5-44 streamlines of a nominally two-dimensional
rectangular cavity (h/D = 0.25) (adapted from ref. [24])

Figure 5-45 shows the pressure coefficient contours in a rectangular cavity with W/D = 2
and h/D = 0.25, at 90° yaw angle. The figure indicates a pressure distribution very similar
to that of the present study, in which low-pressure areas corresponding to a straight
vortex can be observed on the cavity base and sidewalls, at a streamwise position of
approximately 0.2 x/D.

Figure 5-45 Cp contours for a rectangular cavity (W/D = 2 &
h/D = 0.5) at 0° yaw angle (adapted from ref. [49])
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5.4.2.3 Shallow cavity (h/D = 0.1)
Figure 5-46-(a) shows the vortex core position for the cavity with h/D = 0.1. The vortex
core position indicates formation of a recirculation region downstream of the upstream
wall, due to separation of the shear layer from the upstream lip of the cavity wall. Similar
to the cavity with h/D = 0.1 at 0° yaw angle (section 5.3.2), the vortex core is found to be
parallel to the upstream wall and, therefore, highly curved. The pressure coefficient
distributions, shown in Figure 5-46-(c), confirm the formation of the recirculation zone
near the upstream wall. The pressure coefficient contours based on the experiments by
Hering [58] are also shown in Figure 5-46-(b). A comparison between Figure 5-46-(b)
and (c) indicates similar patterns in pressure distributions, suggesting a similar flow
structure.
No trace of a secondary recirculation zone is found further downstream, according to the
vortex core positions and pressure distributions. However, the pressure increases on the
cavity base, towards the downstream wall. This is followed by a low-pressure region on
the boundary layer plate, immediately downstream of the downstream edge of the cavity
wall. This pressure distribution indicates that although the shear layer does not impinge
onto the cavity base, it enters the cavity volume and approaches the base, and then leaves
the cavity volume, forming a separation region at the edge of the downstream cavity wall.
The streamtraces in the vertical planes located at z/D = 0 and 0.35, shown in Figure 5-47,
confirm the above-mentioned flow structure. The recirculation zone, the entrainment of
the shear layer, and the high-pressure region associated with shear layer impingement
onto the downstream wall are clearly visible in the figures. The streamtraces in a twodimensional rectangular cavity exposed to a turbulent upstream boundary layer [123] are
shown in Figure 5-48 for comparison. The depth to streamwise length ratio of the cavity
in Figure 5-48, which was the shallowest one for which the flow pattern was reported in
the literature, is equivalent to that of an elliptical cavity with h/D = 0.2 at 90° yaw angle.
Although the size of the recirculaton zone is different from that of the present study, due
to different upstream boundary layer conditions and freestream velocity, the flow
structure is qualitatively similar to that observed in Figure 5-47, which further confirms
the similarities between the flow structure in elliptical cavities at yaw angle = 90°, and
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that of nominally two-dimensional rectangular cavities. It should be noted that the depth
to streamwise length ratio of the cavity in Figure 5-48, which was the shallowest for
which the flow pattern was reported in the literature, is equivalent to that of an elliptical
cavity with h/D = 0.2 at 90° yaw angle.

(a)

(b)

(c)

Figure 5-46 Vortex core position (a) and pressure coefficient contours on cavity base, ground plane,
and side walls for h/D = 0.1, yaw angle = 90º from reference [58] (b) and numerical simulations (c)

The results presented in the previous paragraphs indicate the limited three-dimensional
effects in the vortex in the cavity with 90° yaw angle, and the associated pressure
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distribution on the cavity base. This behaviour, which indicates the similarity between the
flow structure of the cavity with 90° yaw angle with that of a nominally two-dimensional
rectangular cavity, makes it possible to compare the trends in centreline pressure
distribution for the two cases, and extend the classification of the flow regimes of a
nominally two-dimensional cavity to the cavity with 90° yaw angle. Variations of
pressure coefficient (Cp) along the centreline of the cavity, obtained based on the results
of the numerical simulations, are shown in Figure 5-49-(a). Figure 5-49-(b) shows the
results of the experiments by Hering [58], which show qualitatively similar profiles
(section 3.7). A comparison of Figure 5-49-(a) with the classification of the flow regimes
in nominally two-dimensional cavities and their associated pressure distributions (Figure
2-4) indicates that the pressure distribution for the cavity with h/D = 0.1 follows the trend
reported by Plentovich [15] for the cavities in the “closed” flow regime (h/D < 0.16). The
pressure distributions for cavities with h/D = 0.2 and 0.35 follow the trend associated by
Plentovich to cavities in the “transitional” flow regime (h/D > 0.2). Finally, the cavities
with h/D = 0.5, 0.7, and 1.0 show pressure distributions similar to that associated with the
cavities in the “open” flow regime (h/D > 0.5) by Plentovich [13]. It can be concluded
that the flow regimes in elliptical cavities at 90° yaw angle conform to the flow regimes
with nominally two-dimensional rectangular cavities of similar h/D ratio.

(a)

(b)
Figure 5-47 Streamlines for cavity with h/D = 0.1 at 90° yaw angle at z/D = 0 (a) and z/D = 0.35 (b)
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Figure 5-48 Two-dimensional RANS computation of the flow pattern for h/D = 0.1 [123]

(a)

(b)

Figure 5-49 Comparison of Cp profiles on the centreline of the cavity base
at yaw angle = 90° from numerical simulations (a) and reference [58] (b)

5.4.3 Drag Characteristics
The normalized drag coefficients (

∆CD
) of elliptical cavities with h/D ratios between 0.1
cf

and 1.0 at 90° yaw angle, obtained based on the present numerical simulations, are
presented in Figure 5-50. These results are compared with the previously published drag
data for elliptical and rectangular cavities with W/D = 2 at 90° yaw angle [5], [48] and
[58], as well circular cavities [52] and [53].
The results of the present study are within the uncertainty limit of the values reported by
Hering [58], and close to the values reported by Savory and Toy [18]. The general trend
observed in Figure 5-50 is similar to that previously described in section 5.3.3 in the case
of cavities with 0° yaw angle, in which lower drag coefficients are observed for cavities
with larger h/D ratios. The larger drag for the shallower cavity has been attributed to the
increased entrainment of the shear layer compared to deep cavities, which results in a
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larger high pressure region on the downstream wall [48]. A similar trend can be observed
in the present results for cavities at 90° yaw angle, in which the lowest position of the
shear layer centre, and the largest high-pressure region is observed for the cavity with
h/D = 0.1, in Figure 5-38 and Figure 5-46, respectively.

Figure 5-50 Comparison of drag coefficient at yaw angle = 90° (The lines are
added to visualize the general trend for each planform shape.)

5.4.4 Flow Downstream of the Cavity
As mentioned in Chapter 2, for rectangular cavities with large length to width ratio, flow
is drawn into the cavity over the edges of the sidewalls. This behaviour, which is due to
the effect of the shear layer being entrained into the cavity following separation from the
edge of the upstream wall, leads to formation of “side edge vortices” along the edges of
the side walls. These vortices extend in the streamwise direction, and continue into the
flow downstream of the cavity [14].
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The results of the present study indicate that the flow downstream of the elliptical cavity
with a 90° yaw angle also contains streamwise vortices. However, as will be shown in
this section, the mechanism of their formation is different from that described in [14].
Due to this difference, the classical definition of “side edge vortices” is not valid for these
vortices. Formation of the streamwise vortices and their effect on the flow downstream of
the cavity is studied in this section for h/D ratios of 0.7, 0.5, and 0.2, based on velocity
and vorticity distributions in horizontal and vertical planes at various locations
downstream of the cavity. The results reported by Hering [58] for elliptical cavities with
similar h/D ratios are also presented for comparison.
Figure 5-51 shows distributions of velocity deficit (

∆u
), which is defined in Equation 5U inf

1, in vertical planes located at x/D = 0.1 and x/D = 2.6, based on the results of the
numerical simulations of the present study, and the experiments by Hering [58]. For all
three h/D ratios, the results reported by Hering [58] for the plane located at x/D = 0.1
show two regions of velocity deficit located symmetrically on the two sides of the cavity
centreline (z/D = ±0.5), which correspond to the streamwise vortices. The results of the
present numerical simulations show similar low velocity regions for cavities with h/D =
0.7 and 0.2. However, for h/D = 0.5 a single low velocity region appears in the results of
the numerical simulations at x/D = 2.6.
The results of the present PIV measurements also indicate evidence of the streamwise
vortices. Figure 5-52 shows the velocity distribution downstream of cavities with of 0.7
and 0.5 at 90° yaw angle, based on PIV measurements in a horizontal plane located 8mm
above the upper edge of the cavity (y/D = 0.08). Evidence of the vortices for both h/D
ratios can be observed in Figure 5-52 which shows two low velocity regions extending
downstream of the cavity. The low velocity regions are located at the spanwise positions
of z/D = ±0.5, which correspond to the spanwise extremes of the cavity sidewalls.
Considering the uniform spanwise velocity distribution upstream of the cavity (section
4.4), the reason for the slightly asymmetric velocity deficit about the centreline for both
cases is presumably a small error in the setting of the yaw angle to 90º in the experiment,
or a slight non-uniformity in the cavity model.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-51 Velocity deficit contours based on numerical simulations
(left) and experimental measurements [58] (right) at 90º yaw angle

A quantitative comparison of the spanwise variations of

∆u
based on the results of
U inf

numerical simulations and PIV measurements is presented in Figure 5-53 for cavities
with h/D = 0.7 and 0.5. The results of the PIV measurements, extracted at x/D = 1.5,
show two low velocity regions at the approximate spanwise positions of z/D = ±0.5. The
plot of velocity variations extracted from the results of the numerical simulations at x/D =
1.0 shows two low velocity regions at the same spanwise locations. At x/D = 1.5, the
results of the present PIV measurements and the experiments by Hering [58] indicate two
distinct low velocity regions. However, the results of the numerical simulations show a
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single low velocity region at this downstream position, indicating that the numerical
simulations have not been able to predict the flow in this region properly due to the
approximations involved in the simulation.
h/D = 0.7

Yaw 90

y/D = 0.08

h/D = 0.5

Yaw 90

(a)

y/D = 0.08

(b)

Figure 5-52 Velocity deficit contours based on PIV measurements
in a horizontal plane at 90º yaw angle

Figure 5-53 Quantitative comparison of velocity deficit at 90° yaw angle
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An investigation of the distribution of streamwise vorticity ( ω x ) in the vicinity of the
cavity further confirms that the low velocity regions observed in the above-mentioned
results are associated with the streamwise vortices. Such an investigation is only possible
based on the results of the numerical simulations, which provide data for all three
velocity components. Figure 5-54 shows distribution of streamwise vorticity in a vertical
plane located at x/D = 1.0, for cavities with h/D = 0.7 and 0.2. For both h/D ratios, the
figure shows two regions of streamwise vorticity of opposite sign, in spanwise locations
which are consistent with the low velocity regions in the wake velocity deficit contours
shown in Figure 5-51. It should be noted that positive values of ω x indicate streamwise
vorticity in the downstream (positive-x) direction, with circulation in clockwise direction
looking downstream.

Figure 5-54 Streamwise vorticity contours at x/D = 1.0 for
h/D = 0.7 (a) and h/D =0.5 (b) at 90° yaw angle

This confirms that the velocity deficit in these cases is due to the streamwise. The origin
of the vortices is best visualized by Figure 5-55, which shows the distribution of
streamwise vorticity in a horizontal plane located at y/D = 0.08, for the cavity with h/D
=0.7. The figure shows two regions of streamwise vorticity of opposite sign emerging
immediately downstream of the two spanwise extremes of the cavity, which extend into
the flow downstream of the cavity.
These regions of streamwise vorticity are caused by separation of the flow from the
downstream wall of the cavity, which is accompanied by formation of a recirculation
region immediately downstream of the edge of the downstream wall, as discussed in
section 5.3.4. The recirculation region is parallel to the edge of the downstream wall.
Since the edge is curved in the streamwise direction, the vorticity in the recirculation
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zone also has a streamwise vorticity component, which is visible in Figure 5-55. This
mechanism of formation of the side edge vortices is completely different from the
mechanism described in reference [14] and shown in Figure 2-5-(a) for cavities with
rectangular planforms. Formation of the vortices in the case of the elliptical cavity is due
to the flow exiting the cavity rather than that being drawn into the cavity. As a result, the
sense of rotation of the vortices is reversed compared to those associated with rectangular
cavities.

Figure 5-55 Streamwise vorticity contours at y/D = 0.08 for h/D = 0.7 at 90° yaw angle

5.4.5 Flow Dynamics
As previously mentioned in section 5.3.5, the results of previous studies involving
nominally two-dimensional rectangular cavities have shown that the flow inside the
cavity is more stable for deeper cavities [26]. The results of the experimental study by
Hering [58] and the present results showed a similar behaviour for elliptical cavities in
the symmetric flow regime (0° yaw angle). Based on the results of the POD analysis, this
behaviour was attributed to oscillations of the vortex inside the cavity, which were found
to have a larger amplitude for shallower cavities. In this section, the existence of a similar
relationship for cavities in the nominally two-dimensional regime (90° yaw angle) will be
examined.
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Figure 5-56 compares distributions of urms in the cavity mid-plane (z/D = 0), as an
indicator of flow oscillations. The figure indicates an increasingly higher level of urms in
the cavity when h/D decreases from 1.0 to 0.5. Distributions of urms and vrms on a vertical
line located at x/D = 0, z/D = 0, show in Figure 5-57, confirm this behaviour
quantitatively.

(a)

(b)

(c)
Figure 5-56 urms contours for h/D = 1.0 (a), 0.7 (b), and 0.5 (c) at 90° yaw angle at z/D = 0

(a)

(b)

Figure 5-57 Comparison of urms (a) and vrms (b) profiles on the vertical centreline
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A quantitative comparison of the fluctuating velocity components on the cavity vertical
centreline (x/D = 0) with those of the cavity at 0° yaw angle (Figure 5-26) indicates
higher levels of urms and vrms for the cavity with 90° yaw angle. For example, the
maximum value of urms / Uref increases from 0.04 to 0.07 for h/D = 1.0, and from 0.07 to
0.12 for h/D = 0.5. The increased levels of urms for the cavity with 90° yaw angle is due to
the larger distance of the centreline from the edge of the upstream wall (which is twice as
large as that of the cavity with 0° yaw angle). As mentioned in section 2.4, previous
studies involving nominally two-dimensional rectangular cavities have shown that the
level of velocity fluctuations in the separated shear layer and inside the cavity grows with
increasing distance from the edge of the upstream wall [25] and [28]. The present results
confirm this behaviour in the case of elliptical cavities.
Similar to the case of the cavity with 0° yaw angle, POD analysis has been used in this
section to investigate the dynamic behaviour of the flow inside the cavity, and its
relationship with the fluctuating velocities inside the cavity. The POD analysis has been
carried out based on the results of PIV measurements in the vertical plane located at z/D
= 0, for cavities with h/D = 0.5 and 1.0.
The first four POD modes of the fluctuating streamwise and vertical velocity components
are shown in Figure 5-58 and Figure 5-59. A pair-wise relationship similar to that
described for the cavity at 0° yaw angle (section 5.3.5) can be observed between the POD
modes, suggesting that Modes 1 and 2 point to the same dynamic behaviour in the flow,
n

and are temporally related. The relative energies ( λi

∑ λ ) of the first forty POD modes
i

i=1

are shown in Figure 5-60 for the cavities with h/D = 1.0 and 0.5, and indicate that the first
two POD modes contain 15.8% and 42.0% of the total energy of the velocity field, for
h/D = 1.0 and 0.5, respectively. As mentioned previously in section 5.3.5, these ratios are
smaller that the typical values reported by Murray et al. [25] and Savory et al. [35],
because a major part of the shear layer, which contains the highest levels of velocity
fluctuations, is not included in the results of the present PIV measurements due to the
masking caused by the base plate.
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Figure 5-58 The first four POD modes of the fluctuating streamwise velocity component

Figure 5-59 The first four POD modes of the fluctuating vertical velocity component

Plots of normalized time-varying coefficients a1 (t)

2 λ1 vs. a2 (t)

2 λ2 , which are

shown in Figure 5-61, confirm the temporal relationship between the two modes, and
suggests a 90-degree phase difference, as previously described in the case of the cavity
with 0° yaw angle. This relationship has been utilized to determine the phase angle θ for
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each PIV snapshot using Equation 5-2, which is then used to calculate phase averaged
velocity fields, in an approach similar to that implemented by Savory et al. [35].

Figure 5-60 The first forty normalized eigenvalues for h/D =
1.0 (a) and 0.5 (b) at 90° yaw angle at z/D = 0

(a)

(b)

Figure 5-61 Normalized time-varying coefficients for the cavities with h/D = 1.0 (a) and 0.5 (b)

Plots of streamtraces in the cavity based on the phase averaged velocity fields are shown
in Figure 5-62 and Figure 5-63, for h/D = 1.0 and 0.5 respectively. The plots show vortex
oscillations inside the cavity for both h/D ratios. Similar to the case of the cavity with 0°
yaw angle (section 5.3.5), the amplitude of the oscillations is found to be larger for the
cavity with h/D = 0.5. As a quantitative measure of the oscillations, variations in the
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position of the vortex core in the streamwise and vertical directions are 0.07D and 0.12D
for the cavity with h/D = 1.0, and 0.2D and 0.3D for the cavity with h/D = 0.5. This
observation agrees with the previously reported results indicating larger surface pressure
and velocity fluctuations for cavities with smaller depths, and suggests that the higher
fluctuating values are related to increased vortex oscillation.

(a)

(b)

(c)

(d)

Figure 5-62 Phase averaged streamtraces in the vertical plane located at z/D = 0, for
the cavity with h/D = 1.0. The phase interval between consecutive plots is 90°

(a)

(b)

(c)

(d)

Figure 5-63 Phase averaged streamtraces in the vertical plane located at z/D = 0, for
the cavity with h/D = 0.5. The phase interval between consecutive plots is 90°
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A comparison of the amplitudes of vortex oscillations with those obtained for cavities at
0° yaw angle (section 5.3.5) indicates that the amplitudes are larger for the cavity with
90° yaw angle. This behaviour is consistent with the larger levels of velocity fluctuations
in this case (Figure 5-57), and can be attributed to the streamwise length of the cavity
opening, which is twice as large as that of the cavity at 0° yaw angle, allowing for further
growth of the fluctuations in the shear layer before impingement upon the downstream
wall, as previously reported for nominally two-dimensional cavities by Murray et al. [25]
and Manovski et al. [28].
As mentioned in section 5.3.5, the vertical oscillations of the vortex, and the fact that the
present cavity is not in resonant conditions (section 2.5), suggests that a flapping
instability in the shear layer similar to that reported by Haigermoser et al. [24] and
Ukeiley and Murray [26] is responsible for the vortex oscillations.

5.4.6 Summary of Findings for the Nominally Two-Dimensional Flow
Regime
The findings presented in this section regarding the nominally two-dimensional flow
regime can be summarized as follows:
•

For cavities with h/D = 1.0 and 0.5, behaviour of the shear layer is similar to that
of deep nominally two-dimensional rectangular cavities in the "open" flow
regime. The shear layer of the cavity with h/D = 0.1 shows a behaviour similar to
shallow rectangular cavities in the "closed" flow regime. For all cavity depths the
shear layer grows almost linearly downstream of the separation point, with an
average growth rate of

dδ ω

dx

= 0.2 , which is within the range of the growth rate

observed in other studies on cavity flows.
•

The flow structure for the cavities with h/D = 1.0 and 0.5 consists of a captive
vortex similar to that of deep nominally two-dimensional cavities in the "open"
regime. The position and orientation shows little variation across the span.
However, due to the effects of the curved upstream wall, the primary vortex is
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formed further downstream compared to nominally two-dimensional rectangular
cavities, and the secondary vortex is either very small, or non-existent (Figure
5-64 and Figure 5-65).

Figure 5-64 Schematic representation of the flow structure in an elliptical
cavity in the nominally two dimensional-deep flow regime

Figure 5-65 Schematic representation of the flow structure in an elliptical
cavity in the nominally two dimensional-intermediate depth flow regime
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•

For the cavity with h/D = 0.1, the flow structure resembles that of shallow
nominally two-dimensional cavities in the transitional flow regime, in which the
shear layer is deflected into the cavity, but does not impinge onto the cavity base.
The vortex core is parallel to the upstream wall of the cavity.

•

The trends of variation of pressure on the centreline of the cavity base for all three
h/D ratios conforms to those reported by Plentovich [15] for nominally-twodimensional rectangular cavities with similar h/D ratios.

•

The trend of variation of drag with h/D ratio is found to be similar to that of the
symmetric flow regime, in which higher drags are found for cavities with smaller
h/D ratios (shallower cavities). This behaviour has been attributed to the increased
entrainment of the shear layer in the case of shallow and transitional cavities,
which is confirmed by the flow structures presented in this section.

•

The flow downstream of the cavity has been found to be affected by a pair of
streamwise vortices originating from the cavity. The mechanism of formation and
the sense of rotation of these vortices are different from the side edge vortices
generated by a rectangular cavity and are related to separation of flow from the
curved edge of the elliptical cavity (Figure 5-64 and Figure 5-65).

•

Similar to cavities in the symmetric flow regime, higher levels of velocity
fluctuations and time dependent displacement of the vortex are observed for the
cavity with h/D = 0.5, compared to that with h/D = 1.0. Velocity fluctuations and
vortex oscillations are found to be generally larger than those of cavities with 0°
yaw angle, due to the larger length of the cavity in the streamwise direction,
which allows increased growth of the fluctuations in the shear layer. The vortex
oscillations are possibly due to a flapping instability in the shear layer.

•

Considering the differences found in the present study between the flow of
elliptical cavities with 90° yaw angle and that of nominally two-dimensional
rectangular cavities due to the effects of curved sidewalls (such as the differences
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in secondary and side edge vortices), the term nominally two-dimensional should
be used with caution for describing this flow regime.

5.5

Asymmetric Flow Regimes

Asymmetric flow regimes are associated with cavities with non-zero yaw angles. Unlike
the cavities in symmetric and nominally two-dimensional regimes (discussed in sections
5.3 and 5.4), the flow in cavities in asymmetric flow regimes is not symmetric with
respect to the mid-plane (z/D = 0).
As shown in Figure 5-1, the asymmetric flow regime is divided into two categories:
The weakly asymmetric regime, which includes yaw angles up to 30°, and the strongly
asymmetric regime, which includes yaw angles equal to or larger than 45°.
In the weakly asymmetric regime, the non-zero yaw angle affects the flow inside and
around the cavity. However, the extent of these effects is such that the flow structure in
the cavity retains considerable similarity to that of the same cavity in the symmetric flow
regime.
In the strongly asymmetric regime, however, the effects of yaw angle are much more
pronounced, and the flow structure in the cavity is significantly different from that of the
same cavity in the symmetric flow regime. Certain flow phenomena appear in the
strongly asymmetric flow regime, which are unique to large, non-zero yaw angles.
The present study includes yaw angles of 15° and 30° as being representative of the
weakly asymmetric regime, and 45° and 60° as representative of the strongly asymmetric
regime. At each yaw angle, PIV measurements and numerical simulations have been
carried out for h/D ratios between 0.1 and 1.0. In this section, the results will be presented
for h/D = 0.1, 0.5, and 1.0, which represent shallow, intermediate-depth, and deep flow
regimes, respectively.
Various aspects of the flow, including shear layer behaviour, the three-dimensional flow
structure, drag, flow downstream of the cavity, and the dynamic behaviour will be
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discussed in detail for the above mentioned combinations of yaw angle and h/D ratio, and
comparisons with previously published results will be included where comparable results
are available.

5.5.1 Behaviour of the Shear Layer
As shown in sections 5.3 and 5.4, the behaviour of the separated shear layer, expressed in
terms of the thickness of the shear layer, and the position of the shear layer centre,
provides a valuable insight into the flow structure in the cavity.
Although several combinations of cavity h/D ratio and yaw angle have been investigated
in the present study, the effects of yaw angle on the shear layer parameters will be
investigated for the cavity with h/D = 0.5 as a representative case, to maintain the length
of this section within reasonable limits.
Figure 5-66, which shows the position of the shear layer centre at three z/D locations,
illustrates this effect for the cavity with h/D = 0.5 at the yaw angle of 30°. The figure
indicates that the height of the shear layer centre increases across the span, towards the
downstream (positive-z) half of the cavity. This behaviour suggests that the vortex core
forms at an increasingly higher position across the span, as z/D increases from -0.7 to 0.7.
As will be shown in the section 5.5.2, one of the features of the asymmetric flow
structure in yawed cavities is the displacement of the cavity vortex in the vertical
direction, which causes the vortex core to be closer to the upper edge of the cavity (y/D =
0°) in the downstream (positive-z) half of the cavity.
Variations of the vorticity thickness along the upper edge of the cavity (y/D = 0) in the
cavity mid-plane (z/D = 0), which have been determined based on the results of
numerical simulations, are shown for yaw angles between 0° and 90° in Figure 5-67. The
figure indicates an almost linear growth for the weakly asymmetric cases (yaw angles of
15° and 30°). The growth rate in these cases is similar to those of the cavities in
symmetric and nominally two-dimensional regimes ( dδ ω dx = 0.2 ). The growth rate,
however, becomes larger for the yaw angles associated with the strongly asymmetric
regimes (45° and 60°), and is non-linear for 60° yaw angle. It will be shown in section
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5.5.2 that the vortex core exits the cavity volume for deep and intermediate-depth cavities
at yaw angles of 45° and 60° as a result of extreme vertical displacement in the
downstream (positive-z) half of the cavity. As a result, the behaviour of the shear layer at
these two yaw angles is affected by the presence of the vortex at the upper edge of the
cavity.

Figure 5-66 The location of shear layer centre at 30º yaw angle

In summary, the asymmetric flow structure in yawed cavities is found to have significant
effects on the shear layer parameters. It is, therefore, not possible to relate the behaviour
of the shear layer for elliptical cavities in asymmetric flow regimes to those associated
with nominally two-dimensional rectangular cavities in the “open” and “transitionalclosed” regimes.
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Figure 5-67 Shear layer thickness for h/D = 0.5 at different yaw angles

5.5.2 Flow Structure
In the following paragraphs, a combination of the results of the PIV velocity field
measurement, numerical simulations, and flow visualizations carried out in the present
study, are used to identify and analyze the flow structure in elliptical cavities at various
combinations of h/D ratios and yaw angles associated with weak and strongly asymmetric
flows. Comparisons with previously published results are included where available.

5.5.2.1 Weakly asymmetric flows
Figure 5-68 and Figure 5-69 show vortex core positions and surface pressure coefficient
distributions for cavities with h/D = 1.0, 0.5, and 0.1, at yaw angles of 15° and 30°.
A comparison of the vortex core positions at the yaw angle of 15° for all three h/D ratios,
with those of the respective cavities at 0° yaw angle (section 5.3) indicates that the vortex
for the yawed cavity retains the features of the vortex of the symmetric cavity, with slight
changes due to yaw angle.
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For the cavity h/D = 1.0 (Figure 5-68-(a)), the vortex core remains at a lower depth and
close to the upstream edge of the cavity in the mid-plane (z/D = 0), and extends
downwards and in the downstream direction as the distance from the centreline increases,
due to the curvature of the upstream wall. For the cavity with h/D = 0.5 (Figure 5-68-(c)),
a W-shape vortex core, representative of a two cell structure continues to exist, and for
the cavity with h/D = 0.1 (Figure 5-68-(e)), the vortex core is formed near the upstream
edge of the cavity and parallel to it.
An investigation of the pressure distributions at the yaw angle of 15° (Figure 5-68)
reveals the main difference between the flow structures for the cavities in the weakly
asymmetric regime with those of the same cavities in the symmetric regime. Figure 5-68(b) indicates that for the deep cavity (h/D = 1.0), the low-pressure region associated with
the vortex core is at a higher position (lower depth) on the positive-z half of the sidewall.
A small high-pressure region is also formed at the base of the downstream wall of the
cavity, in the positive-z half. The pressure distribution on the base of the cavity also
shows a smaller low-pressure region in the positive-z half. These changes indicate that
the vortex core is slanted in the vertical direction, such that the part of the vortex located
in the positive-z half of the cavity is higher. A similar behaviour can be observed for the
intermediate-depth cavity (h/D = 0.5) in Figure 5-68-(d). For the shallow cavity (h/D =
0.1), the low pressure region associated with the vortex core is slightly smaller in the
positive-z half of the base, due to a slightly larger distance of the vortex core from the
base (Figure 5-68-(f)).
The effects of yaw angle are more pronounced in the cavities with yaw angle of 30°. At
this yaw angle, the vortex core in the cavities with h/D = 1.0 and 0.5 lose their
resemblance to their respective symmetric counterparts and are found to be almost
parallel to the upstream wall of the cavity (Figure 5-69-(a) and (c)). The vortex core for
the cavity with h/D = 0.1, however, shows the least variation compared to the case with
15° yaw angle, and tends to remain normal to the flow direction. As a result, the part of
the vortex located in the positive-z half of the cavity is closer to the upstream wall
(Figure 5-69-(e)).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-68 Vortex core positions and Cp contours at yaw angle = 15º for h/D = 1.0, 0.5 and 0.1
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-69 Vortex core positions and Cp contours at yaw angle = 30º for h/D = 1.0, 0.5 and 0.1
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An example of the effect of yaw angle on position of the vortex core is shown in Figure
5-70. The figure shows plots of streamtraces in vertical planes located at z/D = ±0.7, for
the cavity with h/D = 0.5, at the yaw angle of 30°. Comparison of the vortex core
positions with those of the same cavity at 0° yaw angle (highlighted by red dots in Figure
5-70) indicates that the vortex core is displaced vertically in the positive-z half of the
cavity, and is formed farther away from the base. This behaviour will be explained in
section 5.5.2.3.

(a)

(b)

Figure 5-70 Streamlines and Cp contours for cavity with h/D =
1.0 at 30° yaw angle at z/D = -0.7 (a) and z/D = 0.7 (b)

The surface pressure distributions, shown in Figure 5-69, also show the asymmetric flow
structure and vertical displacement of the vortex core at the yaw angle of 30° and indicate
that this displacement is larger compared to the yaw angle of 15° (Figure 5-68).
The surface pressure coefficient contours based on the experiments by Hering [58] and
Czech [49] are shown in Figure 5-71 for comparison. Figure 5-71-(a) shows pressure
coefficients for the elliptical cavity with h/D = 0.5, at yaw angle of 30°, and indicate
pressure distributions similar to those obtained based on the present numerical
simulations (Figure 5-69-(b)). Considering the correspondence between the surface
pressure distribution and the position of the vortex in the cavity (section 5.2.2), it can be
concluded that the vortex structures in Hering’s experiments are similar to those
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identified based on the present results. Figure 5-71-(b) shows pressure coefficients for a
rectangular cavity with an aspect ratio of 2:1, with h/D = 0.5, at yaw angle of 30°, and
indicate behaviour similar to that of the elliptical cavity. The pressure distributions are
almost similar to that of 0° yaw angle (Figure 5-14), with the low-pressure region
associated with the vortex core at a higher position on the positive-z sidewall. This effect
is also confirmed by the pressure distribution on the cavity base. A similar effect is
observed in the results of the study by Savory et al. [48] involving rectangular cavities
with 2:1 aspect ratio. Their results indicate an asymmetric flow in the cavity with h/D =
0.5 at 30° yaw angle, in which the vortex remains parallel to the upstream wall, but its
downstream end is at a higher position.

(a)

(b)

Figure 5-71 Cp contours at yaw angle = 30º for h/D = 0.5 for a 2:1 elliptical
cavity [58] and a 2:1 rectangular cavity (adapted from ref. [49])

5.5.2.2 Strongly asymmetric flows
Figure 5-72 and Figure 5-73 show vortex core positions and surface pressure coefficient
distributions for cavities with h/D = 1.0, 0.5, and 0.1, at yaw angles of 45° and 60°.
Figure 5-72-(a) shows that for the cavity with h/D = 1.0, the vertical displacement of the
vortex core in the downstream (positive-z) half of the cavity has become more
pronounced at the yaw angle of 45°. The downstream part of the vortex impinges onto
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the upper edge of the downstream wall (y/D = 0) at an angular position of 230°
approximately, and then exits the cavity volume to form a trailing vortex. Therefore,
unlike the cavities with h/D = 1.0 in symmetric, weakly asymmetric, and nominally-twodimensional regimes, the vortex can no longer be considered a captive one, typically
associated with deep cavities.
A similar behaviour can be observed for the cavity with h/D ratio of 0.5 (Figure 5-72(c)). The vortex core is found to be parallel to the upstream wall of the cavity, similar to
the case of the cavity with h/D = 0.5. However, the vertical displacement of the vortex
core in the downstream (positive-z) half of the cavity is more pronounced, so that the
vortex core impinges onto the upper edge of the downstream wall at an angular position
of 230°, approximately, and then exits the cavity volume to form a trailing vortex. A
detailed description of the effect of the trailing vortex on the flow downstream of the
cavity can be found in section 5.5.4.
The surface pressure coefficient distributions fort the cavities with h/D = 1.0 and 0.5
(Figure 5-72-(b) and (d)) at the yaw angle of 45° are consistent with the above-mentioned
behaviour of the vortex cores. For both cases, a low-pressure region associated with the
downstream part of the vortex can be observed at an angular position of 230°, at the
upper edge of the cavity (y/D = 0). The high-pressure region associated with the
impingement of the shear layer is no longer symmetric and is shifted in the upstream
direction. Also, a high-pressure region can be observed at the base of the downstream
wall, immediately underneath the location vortex core on the wall. The role of these
features in the flow structure in the cavity will be described in more detail, later in this
section.
At the yaw angle of 60°, a transition occurs in the flow structure of cavity with h/D = 1.0.
(Figure 5-73-(a)). Unlike the case with smaller yaw angles, in which the vortex core
extends across the span of the cavity along the major axis, at a yaw angle of 60° the
vortex core is found to extend along the minor axis of the cavity, in a manner similar to
the cavity with 90° yaw angle (Figure 5-39). The vortex is bounded by the sidewalls at
the angular positions of 150° and 300°. Similar to the case of the cavity at 45° yaw angle,
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the downstream part of the vortex core is displaced in the vertical direction, so that it
impinges onto the upper edge of the downstream wall, and then exits the cavity to form a
trailing vortex.
For the cavity with h/D = 0.5, this transition does not occur at the yaw angle of 60°, and
the vortex continues to extend along the major axis (Figure 5-73-(c)). Similar to the case
of the cavity at 45° yaw angle, the downstream part of the vortex core is displaced in the
vertical direction, so that it impinges onto the upper edge of the downstream wall and
then exits the cavity to form a trailing vortex.
The surface pressure coefficient distributions fort the cavities with h/D = 1.0 and 0.5 at
the yaw angle of 60° (Figure 5-73-(b) and (d)) are consistent with the above-mentioned
behaviour of the vortex cores. Figure 5-73-(b) shows two low pressure regions associated
with the two ends of the vortex, at angular positions of 150° and 300°. The low pressure
region on the downstream wall is closer to the upper edge of the cavity (y/D = 0),
indicating that the vortex is displaced in the vertical direction in the downstream
(positive-z) half of the cavity. For the cavity with h/D = 0.5 (Figure 5-73-(d)), a lowpressure region associated with the downstream part of the vortex can be observed at an
angular position of 230°, at the upper edge of the cavity (y/D = 0).
Figure 5-74 shows an instantaneous visualization of the flow in the cavity with h/D = 1.0
at the yaw angle of 45°, which verifies the flow structure described in the previous
paragraphs. In this figure, a single bubble can be observed to be circulating near the
upstream wall of the cavity, due to the upstream part of the vortex, while a few bubbles
can be observed to be leaving the cavity volume in a helix-shaped path, following the
downstream part of the cavity vortex. Due to the low contrast of the original image the
circulation paths of the bubbles are highlighted.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-72 Vortex core positions and Cp contours at yaw angle = 45º for h/D = 1.0, 0.5 and 0.1
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-73 Vortex core positions and Cp contours at yaw angle = 30º for h/D = 1.0, 0.5 and 0.1
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Figure 5-74 Instantaneous flow visualization image obtained using the Helium
bubble technique, for the cavity with h/D = 1.0 at yaw angle = 45º

The flow in the cavity with h/D = 0.1 is found to have the least variation in the strongly
asymmetric flow regime. Figure 5-72-(e) and Figure 5-73-(e) indicate that for both yaw
angles of 45° and 60°, the general orientation of the vortex core remains normal to the
freestream. The vortex is close to the upstream wall of the cavity, with little displacement
in the vertical direction in its downstream part. The pressure coefficient distributions
shown in Figure 5-72-(f) and Figure 5-73-(f) indicate a slightly smaller low pressure
region in the downstream (positive-z) half of the base, which may be due to the larger
distance of the vortex core from the base. This effect is more pronounced at the yaw
angle of 60°.
The surface pressure coefficient contours based on the experiments by Hering [58] and
Savory et al. [5] are shown in Figure 5-75 for comparison. Figure 5-75-(a) shows
pressure coefficients for the elliptical cavity with h/D = 0.5, at yaw angles of 45°, and
indicate pressure distributions similar to those obtained based on the present numerical
simulations. The results of the study by Savory et al. [5] involving an elliptical cavity
with the same geometric proportions, also indicate pressure distributions which are
qualitatively similar to those of the present study (Figure 5-75-(b)), but are quantitatively
different due to different upstream boundary layer parameters.
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(a)

(b)

Figure 5-75 Cp contours at yaw angle = 45º for h/D = 0.5, Hering
[58] (a), Savory and Toy (adapted from [5]) (b)

Figure 5-76 shows pressure coefficients for a rectangular cavity with an aspect ratio of
2:1, with h/D = 0.5, at yaw angles of 60°. This figure shows lower pressures on the
upstream half of the cavity base compared to the downstream half, and a low-pressure
region close to the upper edge of the cavity, on the downstream wall. These pressure
distributions indicate that the vortex inside the cavity is displaced in the vertical direction,
with the upstream part closer to the cavity base, and the downstream part closer to the
upper edge of the cavity.
The results of the study by Savory et al. [48] involving rectangular cavities with 2:1
aspect ratio show a behaviour similar to that of Czech’s results at the yaw angles of 45°
[49]. According to their results, for the cavity with h/D = 0.5 the vortex remains parallel
to the upstream wall, but its downstream end is found to be at a higher position compared
to its upstream end. For the yaw angle of 60°, their results indicate a complicated
pressure distribution, from which it is not possible to determine whether the vortex core
is aligned with the major or minor axis of the cavity. This behaviour suggests the
possibility of a transition in the orientation of the vortex, similar to that observed in the
present results for the cavity with h/D = 1.0 (Figure 5-73-(a)).
The similar features of the flow structure in rectangular and elliptical cavities in the
strongly asymmetric flow regime, including the vertical displacement of the vortex in the
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downstream part of the cavity, and formation of a trailing vortex, suggests that a similar
mechanism is responsible for these features in both cases. This mechanism will be
investigated in more detail in section 5.5.2.3.

Figure 5-76 Cp contours at yaw angle = 60º for h/D = 0.5 for
a 2:1 rectangular cavity (adapted from ref. [49])

5.5.2.3 Details of the flow in the strongly asymmetric regime
As indicated by the results presented in the previous paragraphs and the literature cited
for comparison, one of the prominent features of the flow inside deep and intermediatedepth cavities with elliptical and rectangular planforms, in the asymmetric flow regime, is
the vertical displacement of the vortex in the downstream (positive-z) half of the cavity,
which causes the vortex core to reach the upper edge of the cavity at the downstream
wall. In order to explain this behaviour, a more in-depth investigation of the flow inside a
cavity at high yaw angle will be presented in the following paragraphs. The cavity with
h/D = 1.0 at the yaw angle of 45º has been chosen as a representative case, as it
demonstrates the above-mentioned behaviour clearly.
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Figure 5-77-(a) and (b) show contours of pressure coefficient in two vertical planes inside
the cavity, located at z/D = -0.53 and z/D = 0.53, respectively. The first figure shows a
high-pressure region near the upper edge of the cavity, which is associated with
impingement of the separated shear layer on the downstream wall, and a low-pressure
region at the mid-depth (y/D = -0.4, approximately), which is associated with the vortex
core. However, the second figure shows only a very small high-pressure region
associated with shear layer impingement, and indicates a considerably higher position of
the vortex core. This implies that the shear layer is much higher and barely impinges
upon the downstream wall of the cavity at this spanwise position, as indicated by Figure
5-66. An important feature observed in this figure is the formation of a high-pressure
region near the cavity floor and its downstream wall. The gradual pressure rise towards
the downstream part of the cavity is verified by Figure 5-78-(a), which shows contours of
pressure on the cavity base. This high-pressure region poses a resistance against
entrainment of the shear layer into the cavity, and leads to formation of the vortex core at
a higher position.

(a)

(b)

Figure 5-77 Cp distribution at two vertical planes inside the cavity

The formation of the high pressure region in the downstream part of the cavity can be
explained through examination of the flow pattern inside the cavity. Figure 5-78-(b) to
(d) shows velocity vectors in horizontal planes located at y/D = -0.75, -0.5, and -0.25,
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superimposed on the pressure contours. The flow pattern at y/D = -0.25 shows a strongly
asymmetric pattern, in which a stagnation region is formed near the downstream wall at
an approximate position of x/D = -0.2 and z/D = -0.7. According to Figure 5-78-(d), the
flow pattern near the downstream wall is affected by a strong spanwise component (cross
flow) in the positive z direction, which drives the major part the entrained flow towards
the downstream part of the cavity.

(a)

(b)

(c)

(d)

Figure 5-78 Cp distribution contours on cavity base (a) and Cp distribution contours
and velocity vectors in three horizontal planes inside the cavity (b)-(d)
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A similar behaviour can be observed in Figure 5-78-(b) and (c) (y/D = -0.75 and y/D =
-0.5). This strong spanwise velocity component in the positive z direction leads to
increased pressure at the downstream corner of the cavity, as indicated by the overlaid
pressure coefficient contours. The asymmetric behaviour of the flow near the downstream
wall, and the strong spanwise component, can be attributed to the orientation of the
downstream wall with respect to the freestream, which drives the flow towards the
downstream corner.
The above-mentioned process is summarized in Figure 5-79, which shows a schematic
representation of the flow structure in an elliptical cavity in the asymmetric flow regime.

Figure 5-79 Schematic representation of the flow structure in an
elliptical cavity in the strongly asymmetric flow regime

5.5.3 Drag Characteristics
Normalized drag coefficients (

∆CD
) of the elliptical cavity with h/D ratio of 0.5 at yaw
cf

angles between 0 and 90°, obtained based on the present numerical simulations, are
presented in Figure 5-80. These results are compared with the previously published drag
data for elliptical and rectangular cavities with aspect ratio of 2:1 and h/D = 0.5 in the
same range of yaw angles.
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The drag values of the present study are in good agreement with those reported by Savory
and Toy [5], and close to those reported by Hering [58] for elliptical cavities. Regardless
of the planform geometry and upstream flow conditions, all of the data presented in
Figure 5-80 indicate that the highest drag occurs at yaw angles of 45° and 60°. In the
study by Savory and Toy [5], the high drag at these yaw angles has been attributed to
formation of the trailing vortices, which distinguishes the flow structure at these two yaw
angles from those of the lower yaw angles. As discussed in section 5.5.2.3, formation of
the trailing vortex from a yawed cavity is accompanied by formation of a secondary highpressure region on the downstream wall, immediately underneath the trailing vortex. This
high-pressure region might be a contributor to the larger drag of the cavities in the
strongly asymmetric regime, alongside the effect of the trailing vortex on the flow around
the cavity.

Figure 5-80 Comparison of drag coefficient for cavity with h/D = 0.5 at various yaw
angles (The lines are added to visualize the general trend for each planform shape.)
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5.5.4 Flow Downstream of the Cavity
As discussed in section 5.5.2.2, in the case of cavities with strongly asymmetric flow,
formation of a high pressure region in the downstream part of the cavity causes the vortex
core to form at a higher position, in such a way that its extreme downstream end leaves
the cavity volume to form a trailing vortex. In the following paragraphs, the effect of this
trailing vortex on the flow downstream of the cavity will be presented for cavities with
h/D = 0.7, 0.5, and 0.2 at the yaw angle of 45°. This combination of h/D ratios and yaw
angle has been selected to make possible a direct comparison with the results reported by
Hering [58].
Figure 5-81 shows the velocity deficit in vertical planes located at the positions of x/D =
0.7 and x/D = 2.6, based on the results of the numerical simulations of the present study,
and the experiments by Hering [58]. For all three depths, the figures clearly show an area
of velocity deficit at the spanwise location of the downstream corner of the cavity. To
confirm that the low velocity region corresponds with the trailing vortex, the distributions
of streamwise vorticity ( ω x ) in the vertical plane located at x/D = 0.7 are shown in
Figure 5-82. A comparison of this figure with Figure 5-54 indicates an additional large
concentration of streamwise vorticity emerging from the downstream (positive-z) half of
the cavity. The location of this region corresponds with the velocity deficit regions in
Figure 5-81, and the sign of vorticity matches the sense of rotation of the trailing vortex
(Figure 5-79). It should be noted that positive values of ω x indicate streamwise vorticity
in the downstream (positive-x) direction, with circulation in clockwise direction looking
downstream.
Figure 5-81 shows that the vortex core has little displacement in the spanwise direction
between the measurement planes located at x/D = 0.7 and x/D = 2.6, suggesting that the
trailing vortex becomes aligned with the flow outside the cavity. This behaviour is
confirmed by Figure 5-83, which shows the velocity distribution based on PIV
measurements, in a horizontal plane located 6mm above the upper edge of the cavity (y/D
= 0.08). The figure indicates that the low velocity region corresponding with the trailing
vortex is aligned with the flow direction between x/D = 0.7 and x/D = 2.7.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-81 Velocity deficit contours based on numerical simulations
(left) and experimental measurements [58] (right) at 45º yaw angel

Figure 5-82 Streamwise vorticity contours at x/D = 0.7 for h/D = 0.7 at 45° yaw angle

Also of interest is the existence of a smaller low velocity region on the opposite side of
the location of the trailing vortex (z/D ≤ 0), for the cavities with h/D = 0.7 and 0.5, which
is clearly visible in the results of the present numerical simulations for h/D = 0.7 and 0.5.
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The position of this region corresponds with that of the high pressure area associated with
shear layer impingement on the downstream wall of the cavity (Figure 5-72). Therefore,
it can be concluded that the low velocity region is caused by separation of the impinging
shear layer from the edge of the downstream wall of the cavity, in a manner similar to
that discussed in section 5.3.4 in the case of cavities with a 0° yaw angle.
h/D = 0.7

Yaw 45

y/D = 0.08

h/D = 0.5

(a)

Yaw 45

y/D = 0.08

(b)

Figure 5-83 Velocity deficit contours based on PIV measurements
in a horizontal plane at 45º yaw angle

A quantitative comparison of the spanwise profiles of wake velocity at x/D = 1.5, y/D =
0.08, based on the results of the present PIV measurements and numerical simulations is
presented in Figure 5-84. Both sets of results indicate a velocity deficit (
approximately, due to the trailing vortex. This value of

∆u
) of -0.35,
U inf

∆u
is considerably larger than
U inf

the values of -0.15 and -0.13, obtained for cavities with 0° and 90° yaw angle,
respectively, at the same downstream location (Figure 5-23 and Figure 5-53).
Considering that wake velocity deficit is an indicator of the drag caused by the cavity, the
larger wake velocity deficits observed in this section further confirms that the high drag
of cavities in the strongly asymmetric flow regime is associated with the formation of the
trailing vortex.
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Figure 5-84 Quantitative comparison of velocity deficit at 45º yaw angle

5.5.5 Flow Dynamics
Considering the significant effects of yaw angle on the flow structure in and around the
cavity and its drag force, the dynamic characteristics of the flow are also expected to be
affected. In this section, the results of the PIV velocity measurements will be analyzed to
investigate the effect of the yaw angle on the dynamic characteristics of the flow inside
elliptical cavities with h/D = 1.0 and 0.5, at the yaw angle of 45°. This yaw angle, which
represents the strongly asymmetric flow regime, is selected because the flow at this yaw
angle includes a trailing vortex for both h/D ratios.
Figure 5-85 shows distributions of urms and vrms on a vertical line located at x/D = 0, z/D
= 0. The figure indicates that the effect of depth on the fluctuating velocity components is
similar to that observed for the cavities at 0° and 90° yaw angles, in which larger
fluctuating velocities were observed for smaller depths (Figure 5-26 and Figure 5-57).
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(a)

(b)

Figure 5-85 Comparison of urms (a) and vrms (b) profiles on the vertical centreline

A quantitative comparison of the fluctuating velocity components with those of the cavity
at 0° yaw angle (Figure 5-26) indicates that the level of fluctuating velocities has not
changed significantly for the cavity with yaw angle of 45°. This suggests that the
formation of the trailing vortex does not affect the flow oscillations in the cavity midplane. The effect of the trailing vortex on the flow oscillations is expected to be more
pronounced at spanwise positions closer to the trailing end of the vortex. Therefore,
further analysis will be carried out in the vertical plane located at z/D = 0.26, which is the
farthest measurement plane from the cavity centre (z/D = 0) in which the vortex can be
observed.
Similar to the case of the cavities with 0° and 90° yaw angles, POD analysis has been
used in this section to investigate the dynamic behaviour of the flow inside the cavity.
The first four POD modes of the fluctuating streamwise and vertical velocity components
in the cavity with h/D = 0.5 are shown in Figure 5-86 and Figure 5-87. A pair-wise
relationship between the first two modes, similar to those observed in the cases of
cavities with 0° and 90° yaw angles, can be observed in these figures, suggesting that
Modes 1 and 2 point to the same dynamic behaviour in the flow and are temporally
n

related. The relative energies ( λi

∑ λ ) of
i

i=1

the first forty POD modes are shown in
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Figure 5-88 for the cavities with h/D = 1.0 and 0.5, and indicate that the first two POD
modes contain 15.9% and 32.8% of the total energy of the velocity field, for h/D = 1.0
and 0.5, respectively. Similar to the cases of the cavities with 0° and 90° yaw angles
(sections 5.3.5 and 5.4.5), these ratios are smaller that the typical values reported by
Murray et al. [25] and Savory et al. [35] because a major part of the shear layer, which
contains the highest levels of velocity fluctuations, is not included in the results of the
present PIV measurements due to the masking caused by the base plate.

Figure 5-86 The first four POD modes of the fluctuating streamwise velocity component

Plots of normalized time-varying coefficients a1 (t)

2 λ1 vs. a2 (t)

2 λ2 , which are

shown in Figure 5-89, confirm the temporal relationship between the two modes, and
suggests a 90-degree phase difference, as previously described in the case of the cavities
with 0° and 90° yaw angles (sections 5.3.5 and 5.4.5). This relationship has been utilized
to determine the phase angle θ for each PIV snapshot using equation (Equation 5-2),
which is then used to calculate phase averaged velocity fields, in an approach similar to
that implemented by Savory et al. [35].
Plots of streamtraces in the cavity based on the phase averaged velocity fields are shown
in Figure 5-90 and Figure 5-91 for h/D = 1.0 and 0.5 respectively. The plots indicate
vortex oscillations inside the cavity for both h/D ratios.
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Figure 5-87 The first four POD modes of the fluctuating vertical velocity component

(a)

(b)

Figure 5-88 The first forty normalized eigenvalues for h/D =
1.0 (a) and 0.5 (b) at 45° yaw angle at z/D = 0.26

The amplitudes of oscillations in the position of the vortex core, obtained based on the
phase averaged plots shown in these figures are summarized in Table 5-2, in comparison
with those of the same cavity at 0° yaw angle (section 5.3.5). For the cavity with h/D =
0.5, variations in the position of the vortex core in the streamwise and vertical directions
are close to the values found for the same cavity at 0° yaw angle. However, for the cavity
with h/D = 1.0 at the yaw angle of 45°, the vortex core is found to have significantly
larger oscillations in the vertical direction, compared to the same cavity at 0° yaw angle.
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The results for the cavity at 90° yaw angle have not been included in the table, because
vortex oscillations for the latter have been determined in the mid-plane (z/D = 0), and are
not directly comparable to those of the cavities at 0° and 45°, determined at an
approximate z/D of 0.2.

(a)

(b)

Figure 5-89 Normalized time-varying coefficients for the cavities with h/D = 1.0 (a) and 0.5 (b)

Considering the relatively large amplitude of the oscillations, the trailing vortex is
expected to cause an increase in the fluctuating velocity components in the regions of the
flow downstream of the cavity that are influenced by it. This effect can be verified
through a quantitative comparison of the fluctuating velocity components in the flow
downstream of the cavity at various yaw angles. Such a comparison is presented in
Figure 5-92 for the cavity with h/D = 0.5 at yaw angles of 0°, 45°, and 90° at 0.1D
downstream of the cavity. The profiles have different shapes, due to different flow
phenomena affecting flow in the wake (downstream edge separation for yaw = 0°, the
trailing vortex for yaw = 45°, and streamwise vortices at yaw = 90°). However, the figure
indicates that the trailing vortex generates the highest level of streamwise velocity
fluctuations (represented by urms) among all cases.
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(a)

(b)

(c)

(d)

Figure 5-90 Phase averaged streamtraces in the vertical plane located at z/D = 0.26,
for the cavity with h/D = 1.0. The phase interval between consecutive plots is 90°

(a)

(b)

(c)

(d)

Figure 5-91 Phase averaged streamtraces in the vertical plane located at z/D = 0.26,
for the cavity with h/D = 0.5. The phase interval between consecutive plots is 90°
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Table 5-2 Amplitude of oscillations of the vortex core based on the phase-averaged streamtraces

Amplitude of oscillations
Yaw angle
Direction

0°
x

45°
y

x

y

h/D = 1.0

0.03D 0.04D 0.02D 0.21D

h/D = 0.5

0.07D 0.10D 0.09D 0.10D

Figure 5-92 Comparison of urms values for three different yaw angles at
0.1D downstream of the cavity with h/D = 0.5 and y/D = 0.08

5.5.6 Summary of Findings for the Asymmetric Flow Regimes
In this section, the results of the PIV measurements and numerical simulations of present
study were analyzed in comparison with previously published results, to determine the
features of the flow in and around yawed cavities. Two flow regimes were studied: the
weakly asymmetric regime, which includes cavities at yaw angles of 15° and 30°, and the
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strongly asymmetric regime, which includes cavities at yaw angles of 45° and 60°. The
findings presented in this section can be summarized as follows:
•

Flow asymmetry has significant effects on the separated shear layer, such that the
behaviour of the separated shear layer for yawed cavities cannot be directly
associated with those of nominally two-dimensional rectangular cavities, in
“open”, “closed” and “transitional” regimes. In the weakly asymmetric flow
regime, the growth rate of the separated shear layer is similar to that of symmetric
flow regimes (

dδ ω

dx

= 0.2 ). However, in the strongly asymmetric regime, the

shear layer growth is non-linear, with rates larger than the above-mentioned
typical value.
•

In the weakly asymmetric flow regime, the flow structure in the cavity with any
h/D ratio preserves the features of the flow structure in the same cavity at zero
yaw angle, with slight asymmetric effects. The cavities in the strongly asymmetric
regime, however, show flow structures that cannot be directly associated with
those of the similar cavities at zero yaw angle.

•

The most prominent feature of the flow structure in asymmetric regimes is the
vertical displacement of the vortex towards the upper edge, in the downstream
part of the cavity. This feature is attributed to formation of a high-pressure region
at the downstream corner of the cavity, due to the cross flow along the
downstream wall.

•

In the strongly asymmetric flow regime, the vertical displacement of the
downstream part of the vortex reaches the extent that causes the vortex to exit the
cavity volume and form a trailing vortex. This behaviour is observed at all h/D
ratios, including h/D = 1.0, which is typically associated with the “deep” flow
regime involving a “captive” vortex.

•

The cavities in the strongly asymmetric regime (yaw = 45° and 60°) have the
largest drag among all of the cases studied herein. The secondary high-pressure
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region formed on the downstream wall of the cavity is believed to be a contributor
to the high drag.
The trailing vortex causes a low velocity region in the flow downstream of the

•

cavity, with a velocity deficit that is larger than those observed downstream of
similar cavities in symmetric flow regimes. This large velocity deficit is
consistent with the high drag of the cavities in the strongly asymmetric regime.
In cavities in the strongly asymmetric regime, the downstream part of the vortex

•

is found to have large oscillations within the cavity volume, these oscillations
influence the flow downstream of the cavity, and lead to velocity fluctuations
larger than those observed downstream of cavities with symmetric flows.
A transition in the general orientation of the vortex in the cavity with h/D = 1.0 is

•

found to occur at the yaw angle of 60°. At this yaw angle, the vortex, which is
generally aligned with the major axis of the cavity at lower yaw angles, re-aligns
with the minor axis, similar to the case of the cavity at 90° yaw angle. This
transition is not observed for cavities with smaller depths, however, Savory et al.
[48] have mentioned the possibility of a similar transition based on their
observations of the flow in a rectangular cavity with an aspect ratio of 2:1.

5.6

Summary

In this chapter, the results of experimental measurements and numerical simulations of
the flow inside and around cavities with 2:1 elliptical planforms were presented and
analyzed for various depths and yaw angles.
The analysis involved a combination of the present experimental and numerical results.
In order to use this combination, quantitative and qualitative agreement between these
sources of data were established in section 5.2, through comparative evaluation of the
results.
Cavity flows were categorized into the following general flow regimes, which were
defined considering yaw angle as a key parameter:
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•

The symmetric flow regimes, which include cavities at zero yaw angle (section
5.3)

•

The nominally-two-dimensional flow regime, which included cavities at 90° yaw
angle (section 5.4)

•

The asymmetric flow regimes, which include cavities with non-zero yaw angles
between 15° and 60° (section 5.5).

The investigation of the flow in each flow regime included deep, intermediate-depth and
shallow cavities, with h/D ratios between 1.0 and 0.1. For each of the three general flow
regimes, the following aspects of the flow inside and around the cavity were investigated:
•

The principal parameters of the shear layer and their relationship with the cavity
flow structure

•

The three-dimensional flow structure in the cavity, determined using a
combination of the velocity vector field and vortex core positions based on PIV
measurements and surface pressure distributions based on numerical simulations

•

The drag of the cavity and its relationship with the flow structure

•

The features of the flow downstream of the cavity and their relationship with the
cavity flow structure

•

The dynamic behaviour of the flow inside the cavity

In each case, the results were compared to those reported for similar elliptical cavities, as
well as three-dimensional and nominally two-dimensional rectangular cavities, and
similarities and differences were highlighted.
To enable the reader to follow the chapter more easily, the key findings regarding each of
the three flow regimes are summarized in the last part of the respective section (sections
5.3.6, 5.4.6, and 5.5.6) and will not be repeated here.
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These findings will be discussed in detail in the conclusions of the thesis (Chapter 6). By
comparing and combining the findings for all three flow regimes, the hypotheses and the
objectives of the research will be addressed, and a modified version the general
categorization of the flow regimes, shown in Figure 5-1, will be proposed.
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6 Conclusions and Recommendations
6.1

Summary of the Findings

In the present research, the flow inside and around three-dimensional cavities with a 2:1
aspect ratio elliptical planform, exposed to a turbulent upstream boundary layer has been
studied, for several combinations of cavity depth and yaw angle. A combination of wind
tunnel experiments and computational fluid dynamics simulations were used as the
principal tools for this study. The results of the numerical simulations were evaluated
through qualitative and quantitative comparisons with the experimental results, and it was
found that steady numerical simulations with the Reynolds Stress Model as the
turbulence closure approach, can be used as a cost-effective tool for prediction of mean
flow parameters.
To carry out a systematic investigation of the effects of cavity depth and yaw angle,
cavity flows have been categorized into the following general flow regimes, which are
defined considering yaw angle as a key parameter:
•

Symmetric flow regimes: These flow regimes are associated with shallow,
intermediate-depth, and deep cavities at 0° yaw angle. The present study includes
cavity depth to minor axis (h/D) ratios of 0.1, 0.2, 0.35, 0.5, 0.7, and 1.0.

•

Nominally two-dimensional flow regime: This flow regime is associated with
cavities at the yaw angle of 90°. Three h/D ratios of 0.1, 0.5, and 1.0 have been
covered in the present study, which represent the shallow, intermediate depth, and
deep cavities.

•

Asymmetric flow regimes: These flow regimes are divided into two subcategories: The weakly asymmetric regime, which is associated with cavities with
yaw angles up to 30°, and the strongly asymmetric regime, which is associated
with cavities with yaw angles of 45° and 60°. For each of the two sub-categories,
three h/D ratios of 0.1, 0.5, and 1.0, which represent the shallow, intermediate
depth, and deep cavities have been studied.
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In accordance with the objectives specified in Chapter 1, the following aspects of the
flow inside and around the cavity have been investigated in each flow regime. Based on
the results presented in Chapter 5, the key findings with regards to each of these aspects
can be summarized as follows:
•

The separated shear layer

For cavities with all h/D ratios in the symmetric, nominally two-dimensional, and weakly
asymmetric flow regimes, the shear layer grows almost linearly downstream of the
separation point, with an average growth rate of dδω dx = 0.2 , approximately, which is
within the range of the growth rates observed for nominally two-dimensional rectangular
cavities.
In the strongly asymmetric flow regime (yaw angles of 45° and 60°), the growth rate is
found to be non-linear and larger than other cases, due to strong effects of yaw angle on
the flow structure inside the cavity and the vertical position of the vortex inside of these
cavities.
In the symmetric and nominally two-dimensional flow regimes, the behaviour of the
shear layer, represented by the position of the shear layer centre along the upper edge of
the cavity, is similar to that of a nominally two-dimensional rectangular cavity with the
same h/D ratio.
For intermediate-depth cavities (0.2 ≤h/D≤0.7) in the symmetric flow regime (yaw angle
= 0°), the behaviour of the shear layer cannot be directly associated with the respective
nominally two-dimensional rectangular cavities. This regime includes formation of
cellular flow structures in the cavity.
In asymmetric flow regimes (15° ≤ yaw angle ≤ 60°) the position of the shear layer centre
is found to be influenced by the vertical displacement of the vortex, which increases
towards the downstream corner of the cavity and so the flow cannot be associated with
that of nominally two-dimensional rectangular cavities.

226

•

The flow structure
o The symmetric flow regime (yaw angle = 0°)
Three distinct flow structures are found to exist, depending on h/D ratio: The flow
structure for the cavity with h/D = 1.0 consists of a single, captive vortex similar to
that of deep nominally two-dimensional cavities in the "open" regime. For cavities
with h/D ratios between 0.7 and 0.35, the flow structure includes a single, captive
vortex showing a cellular structure with two cells. This phenomenon has been
observed for cavities with rectangular planforms, however, the aspect ratio at which it
initiates is larger, and no cellular structures are observed in rectangular cavities with
2:1 aspect ratio [48] and [49]. For cavities with h/D ratios of 0.2 and 0.1, the flow
structure resembles that of shallow nominally two-dimensional cavities in the
“transitional” flow regime.
o The nominally two-dimensional flow regime (yaw angle = 90°)
The flow structure for the cavities with h/D = 1.0 and 0.5 consists of a captive vortex
similar to that of deep nominally two-dimensional cavities in the "open" regime. The
vortex position and orientation shows little variation across the span. For the cavity
with h/D = 0.1, the flow structure resembles that of shallow nominally twodimensional cavities in the “closed” flow regime.
While the flow structure is found to be similar to that of nominally two-dimensional
rectangular cavities in general, certain differences are found to exist, due to the
effects of wall curvature. For example, for the cavities with h/D = 1.0 and 0.5, the
primary vortex is formed further downstream compared to nominally twodimensional rectangular cavities, and the secondary vortex is either very small, or
non-existent. For the cavity with h/D = 0.1, the vortex core is found to be curved and
parallel to the upstream wall. Considering these differences, the term “nominally twodimensional” may not be an adequate term to describe this flow regime.
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o The asymmetric flow regimes (15° ≤ yaw ≤ 60°)
In the weakly asymmetric flow regime, the flow structure in the cavity with any h/D
ratio preserves the features of the flow structure in the same cavity at 0° yaw angle,
with slight asymmetric effects. The cavities in the strongly asymmetric regime,
however, show flow structures that cannot be directly associated with those of the
similar cavities at 0° yaw angle.
The most prominent feature of the flow structure in asymmetric regimes is the
vertical displacement of the vortex towards the upper edge, in the downstream part of
the cavity. This feature is attributed to formation of a high-pressure region at the
downstream corner of the cavity, due to the cross flow along the downstream wall
(Figure 5-79).
In the strongly asymmetric flow regime, the vertical displacement of the downstream
part of the vortex reaches the extent that causes the vortex to exit the cavity volume
and form a trailing vortex. In the present study, this behaviour is observed for h/D
ratios of 1.0 and 0.5. Therefore, the flow structure in cavities with h/D = 1.0 at yaw
angles of 45° and 60° cannot be categorized as “deep”, which is typically associated a
“captive” vortex.
A transition in the general orientation of the vortex in the cavity with h/D = 1.0 is
found to occur at the yaw angle of 60°. At this yaw angle, the vortex, which is
generally aligned with the major axis of the cavity at lower yaw angles, re-aligns with
the minor axis, similar to the case of the cavity at 90° yaw angle.
For the shallow cavity (h/D = 0.1) in the asymmetric flow regime, the effect of yaw
angle on the flow structure is minimal, and the vortex is found to remain normal to
the freestream at all yaw angles.
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•

The drag of the cavity

For cavities in the symmetric and nominally two-dimensional regimes, the drag is found
to be lower for cavities with larger h/D ratios (deeper cavities). This behaviour has been
attributed to the increased entrainment of the shear layer in the case of shallow and
transitional cavities.
The cavities in the strongly asymmetric regime (yaw = 45° and 60°) have the largest
drags among all of the cases studied herein. This high drag has been related in previous
studies to the formation of the trailing vortex. Based on the flow structure determined in
the present study for this flow regime (Figure 5-79), the secondary high-pressure region
formed on the downstream wall of the cavity is also believed to be a contributor to the
high drag.
Drag variations due to changes in cavity depth and yaw angle, found in the present study,
are similar in trend to those reported in previous studies involving elliptical cavities and
rectangular cavities [3], [5], [48], [49], and [58].

•

The flow downstream of the cavity

In all three flow regimes, the flow downstream of the cavity is found to be directly
influenced by the flow structure within the cavity.
For the cavities in the symmetric flow regime, a single region of velocity deficit is found
to exist on the centreline downstream of the cavity, for all depths. This is due to
separation of the flow from the downstream edge of the cavity. The velocity deficit for
the cavity with h/D = 0.5 is found to be larger than of h/D = 0.7, which is consistent with
the higher drag for this h/D ratio.
For the cavities in the nominally two-dimensional flow regime, the flow downstream of
the cavity has been found to be affected by a pair of streamwise vortices originating from
the cavity. The mechanism of formation and the sense of rotation of these vortices are
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different from the side edge vortices, generated by a rectangular cavity and are related to
separation of flow from the curved downstream edge of the elliptical cavity.
For the cavities in the asymmetric flow regime, the trailing vortex causes a low velocity
region in the flow downstream of the cavity, with a velocity deficit that is larger than
those observed downstream of similar cavities in symmetric and nominally twodimensional flow regimes. This large velocity deficit is consistent with the high drag of
the cavities in the strongly asymmetric regime.

•

The fluctuating velocities and vortex oscillations

For cavities in the symmetric and nominally two-dimensional flow regimes, the flow in
deeper cavities is found to be more stable that in the shallower ones. This is indicated by
lower levels of fluctuating velocity components and smaller amplitudes of oscillations of
the vortex core inside the cavity for deeper cavities. This behaviour is consistent with the
observations reported by Hering [48] and Ukeiley and Murray [26]. In the case of 90°
yaw angle, velocity fluctuations and vortex oscillations are found to be generally larger
than those of cavities with 0° yaw angle, due to larger length of the cavity in the
streamwise direction, which allows increased growth of the fluctuations in the shear
layer. In previous studies (Haigermoser et al. [24] and Ukeiley and Murray [26]) similar
oscillations of the vortex have been attributed to flapping of the shear layer, due to an
instability which is independent of the resonant conditions, which leads to in- and
outflow events (known as breathing). Although the present PIV measurements do not
allow an investigation of the dynamics of the shear layer itself due to masking of the
images, similar vertical oscillations of the vortex, and the fact that the present cavity is
not in resonant conditions (section 2.5), suggests that a similar flapping instability in the
shear layer is responsible for the vortex oscillations.
In cavities in the strongly asymmetric regime, the downstream part of the vortex is found
to have large oscillations within the cavity volume. Unlike cavities in the symmetric and
nominally two-dimensional regimes, the vortex oscillations have a larger amplitude for
the cavity with h/D = 1.0 in this regime. These oscillations influence the flow
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downstream of the cavity and lead to velocity fluctuations larger than those observed
downstream of cavities with symmetric flows.

6.2

Conclusions

These findings can be used to evaluate the hypotheses of the present research, described
in Chapter 1. The following conclusions can be made by comparing the above-mentioned
findings with the hypotheses:
•

Three-dimensional effects due to the curvature of sidewalls: The findings of the
present work shown that the curvature of the sidewalls leads to additional threedimensional effects in the flow inside and around cavities. Some of these effects,
which have been found in the present study, include formation of curved
recirculation zones parallel to the curved walls of the cavity, and formation of
streamwise vortices upon separation of the flow from the curved downstream
edge of the cavity. These effects are most pronounced for cavities at 90° yaw
angle, where the walls facing the free stream have the largest curvature.

•

Dependence of flow regime on cavity depth: The present research has shown that
the flow regime in elliptical cavities is dependent on the cavity depth. However,
the flow structures in the regimes occurring at various depths are sometimes
different from those of rectangular and nominally two-dimensional cavities. An
example of these differences is formation of cellular structures in the cavity with
aspect ratio of 2:1, which does not occur for rectangular cavities.

•

Asymmetric flow regimes and high drag for yawed cavities: In the present study,
various asymmetric flow structures have been found to exist in elliptical cavities,
depending on the combination of yaw angle and cavity depth. The dominant
feature of these flow structures is the vertical displacement of the vortex towards
the upper edge of the cavity in the downstream part of the cavity volume,
according to the mechanism illustrated in Figure 5-79. Formation of a trailing
vortex due to this behaviour is found to be associated with the high drag values at
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large yaw angles (45° and 60°), in a manner similar to cavities with rectangular
and circular planforms.
•

Behaviour of the separated shear layer and dependence of the flow inside the
cavity on it: Results of the present work indicate that except for the cases where
interference occurs due to departure of the vortex from the cavity volume, the
shear layer grows linearly upon separation from the upstream edge of the cavity,
with a growth rate that is independent of cavity depth and yaw angle. The shear
layer is the driving mechanism of the flow inside the cavity; therefore, the
quantitative values of mean and fluctuating velocity components inside the cavity
are related to those of the separated shear layer, rather than the free stream.

•

The influence of the flow phenomena caused by the cavity on the wake: The
findings of the present work confirm that the flow in the wake of the cavity is
influenced by the flow phenomena caused by the presence of the cavity. These
phenomena include separation of flow from the downstream edge of the cavity
and the associated streamwise vortices, and the trailing vortex formed in the
asymmetric flow regimes. The largest mean velocity deficit and fluctuating
velocity components in the wake are associated with the trailing vortex. The
cavities with trailing vortices also have the largest drag, which is partly due to
formation of a high pressure region at the downstream corner because of the cross
flow caused by impingement of the shear layer on the curved downstream wall of
the cavity.

•

Dependence of the dynamic behaviour of the flow on the boundary layer and
geometric parameters: Considering the ratio of upstream boundary layer
thickness to length ( δ D ) for the present cavity, and according to the criteria
mentioned by Ahuja and Mendoza [44], the cavity is outside the range of
feedback resonance in the present study. However, oscillations of the cavity
vortex are found to exist in many combinations of cavity depth and yaw angle,
possibly due to a shear layer flapping behaviour similar to those identified by
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Haigermoser [24] and Ukeiliy and Murray [26]. Larger vortex oscillations are
accompanied by increased levels of velocity fluctuations in the cavity.
As mentioned at the beginning of Chapter 5, Hering and Savory [6] have proposed a
categorization of the flow regimes in an elliptical cavity with an aspect ratio of 2:1, for
various depths and yaw angles (Figure 5-1). This categorization, which is based on
surface pressure measurements, was used in Chapter 5 as a framework for analyzing the
flow in key combinations of cavity depth and yaw angle. However, the results of the
present analysis show certain differences and features which were not in accordance with
this earlier categorization. Specifically, the cavity with h/D = 1.0, which was categorized
as a “deep” cavity with a captive vortex, is found to have a trailing vortex in the strongly
asymmetric flow regime. Also, the flow inside and around cavities at the yaw angle of
90° is found to have features that are caused by the large curvature of the upstream and
downstream walls that are not consistent with the flow in nominally two-dimensional
cavities as described in detail in Section 5-4.
A modified categorization of the flow regimes in the elliptical cavity with an aspect ratio
of 2:1 is proposed in Figure 6-1, to reflect the above-mentioned findings. In this modified
categorization, the strongly asymmetric flow regime, which involves formation of trialing
vortices, has been extended to the cavity with h/D = 1.0. Also, considering that the flow
in deep and intermediate-depth cavities at the yaw angle of 90° contains a vortex that has
very little curvature despite strong three-dimensional effects, the term “nominally twodimensional” has been replaced with “straight vortex” to better describe this regime.

233

Figure 6-1 Modified classification of cavity flow regimes

6.3

Recommendations for Future Work

To extend and complement the findings of the present research, the following
recommendations are made:
•

In the experimental setup used in the present study, direct measurement of the
flow in a major part of the separated shear layer was not possible, due to the
limited optical access caused by the ground plate. Considering that the separated
shear layer is the driving mechanism of the flow inside the cavity and contains the
largest level of fluctuations, it is recommended to modify the experimental setup
to make it possible to measure the flow in the shear layer and the flow in the
cavity volume simultaneously. This may be achieved through modifications in the
wind tunnel test model, or by using stereoscopic PIV technique in the case of
shallow cavities.

•

The deepest cavity studied in the present work is the cavity with h/D = 1.0. Since
previous studies involving nominally two-dimensional rectangular cavities have
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shown that further changes in the flow regime occur for larger h/D ratios, it is
recommended that to extend the present experiments to larger h/D ratios, in order
to investigate the changes in the flow regime for elliptical cavities.
•

In the present study, the elliptical cavity is found to contain a two-cell structure in
certain combinations of depth and yaw angle. As discussed in Chapter 2,
formation of cellular structures in cavities in rectangular cavities depends on the
width to depth ratio of the cavity, in such a way that a larger number of cells are
formed in wider cavities. An investigation of the flow in elliptical cavities with
larger aspect ratios is recommended to investigate this relationship in the case of
cavities with elliptical planform.

•

As mentioned in Chapter 2, cavity flows may include dynamic phenomena that
occur at various frequencies, including frequencies considerably larger than those
measurable with the measurement equipment used in the experiments of the
present research. Moreover, the Proper Orthogonal Decomposition analysis used
in the present research to study the amplitude of vortex oscillations, does not
provide any information regarding frequency of the oscillations. To obtain
information about the dynamic behaviour of the flow in the cavity in time domain,
measurement and analysis techniques with the ability to resolve the timedependent behaviour of the flow are recommended. Examples of these techniques
include hotwire anemometry, Laser Doppler Velocimetry, and high-speed Particle
Image Velocimetry, combined Fourier analysis.

•

Due to the computational resources required for unsteady simulations of the
cavity flow for various combinations of depth and yaw angle, steady numerical
simulations were used to analyze the cavity flow in the present study. Therefore,
the results of the numerical simulations did not reflect possible time-dependent
behaviour of the flow. To obtain information about cavity flow dynamics,
unsteady numerical simulations with sufficiently small time steps are
recommended. Such simulations will also complement the high temporal
resolution measurement techniques suggested in the previous paragraph.
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•

In the present study, a two-dimensional planar PIV technique was used.
Therefore, in order to construct the three-dimensional flow structure in the cavity
volume, measurements were carried out in multiple horizontal and vertical planes.
Use of the recently developed volumetric and tomographic PIV techniques, which
make it possible to simultaneously measure all three velocity components in a
three-dimensional volume, is recommended for obtaining more complete and
detailed information about the three-dimensional flow structure in the cavity
volume.
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Appendix A: Cavity Model Drawings
All dimensions are in meters.
•

Base plate
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•

Flap

•

Ground plate
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•

Cavity walls

•

Cavity base
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•

Support leg

•

Assembly
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